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Contribution  of  the  receptor/ligand  interaction  between  CD44  and  osteopontin  to 

formation  of  breast  cancer  metastases 

INTRODUCTION 

Malignancies  display  invasive  behavior  that  is  conveyed  by  homing  receptors  (and 
associated  signal  transduction  molecules),  their  ligands  (mostly  cytokines),  and  secreted 
extracellular-matrix-degrading  proteases.  The  topology  of  metastasis  formation  is 
determined  by  the  specific  identity  of  the  homing  receptors  expressed  on  the  tumor  cell 
surface  and  their  ligands  (Weber/Ashkar  2000).  Although  the  mechanisms  regulating  such 
invasive  tumor  cell  migration  and  subsequent  implantation  are  incompletely  understood, 
there  is  abundant  evidence  that  the  cytokine  osteopontin  can  mediate  the  dissemination  of 
cancer  cells.  It  constitutes  the  major  phosphoprotein  secreted  by  transformed  cells  (Senger  et 
al.  1980;  Senger  et  al.  1983;  Senger  et  al.  1989;  Chambers  et  al.  1992)  and  its  levels 
correlate  with  metastatic  potential  (Craig  et  al.  1990;  Senger  et  al.  1989).  Transfection  of 
tumor  cell  lines  with  osteopontin  increases  their  malignant  phenotype  (Denhardt/Guo  1993) 
while  transfection  with  osteopontin  antisense  oligonucleotides  yields  populations  with 
reduced  malignant  potential  (Behrend  et  al.  1994;  Gardner  et  al.  1994).  Induction  of 
osteopontin  has  been  shown  to  be  sufficient  for  metastasis  formation  by  mammary  epithelial 
cells  (Barraclough  et  al.  1998;  El-Tanani  et  al.  2001). 

Splice  variants  of  the  homing  receptor  CD44  mediate  metastasis  formation  by 
various  tumors.  Expression  of  the  cytokine  osteopontin  has  been  associated  with  the 
malignant  potential  of  tumor  cells.  We  have  identified  a  novel  receptor/ligand  interaction 
between  CD44  and  osteopontin  that  mediates  cell  attachment  or  migration.  Both  molecules 
are  subject  to  multiple  posttranscriptional  and  posttranslational  modifications  and  our  data 
suggest  that  these  alterations  modulate  binding.  Organ-preference  in  metastasis  formation 
may  be  based  on  specific  recognition  via  homing  receptors  and  modifications  in 
CD44/ osteopontin  interaction  may  provide  a  potential  molecular  explanation  for  some 
aspects  of  it.  To  assess  why  breast  cancer  metastasizes  predominantly  into  bone,  we  are 
investigating  modifications  in  both  proteins  that  allow  interaction. 
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BODY 

Specific  Aim  1:  Identification  of  the  posttranslational  modifications  in  both  proteins 
which  are  permissive  for  interaction. 

Task  1:  Purify  CD44  from  breast  cancer  cells  and  analyze  splice  variants  as  well  as 
posttranslational  modifications. 

A  splice  variant  of  CD44  containing  the  variant  exon  6  is  frequently  expressed  on 
malignant  cells,  but  not  in  the  healthy  adult  organism.  In  our  original  identification  of  the 
CD44/osteopontin  interaction  (Weber  et  al.  1996)  we  had  not  dissected  whether  the 
osteopontin  binding  site  on  CD44  is  located  on  the  standard  form  or  on  any  of  the  variant 
exons.  We  realized  that  the  standard  form  does  not  bind  this  ligand  and  communicated 
the  result  in  a  letter  to  the  editor  (Science  1998;  282:243).  This  observation  was 
confirmed  and  extended  by  other  investigators  (Katagiri  et  al.  1999). 

We  had  previously  performed  structure  activity  analyses  of  osteopontin  and  its 
receptors  in  macrophage  migration  and  activation  as  a  model  for  metastatic  spread  and 
found  that  an  interaction  between  the  C-terminal  domain  of  osteopontin  and  the  receptor 
CD44  induces  macrophage  chemotaxis,  while  engagement  of  integrin  receptors  by  a  non¬ 
overlapping  N-terminal  osteopontin  domain  induces  cell  spreading.  Serine  phosphorylation 
of  the  osteopontin  molecule  on  specific  sites  is  required  for  functional  interaction  with 
integrin  but  not  CD44  receptors.  A  manuscript  detailing  the  structure/activity  analysis  of 
osteopontin  has  recently  been  accepted  for  publication  in  the  Journal  of  Leukocyte  Biology 
(Weber  et  al.  2002).  The  associated  signal  transduction  pathways  are  still  subject  to  further 
study  (compare  Task  7). 

Task  2/3:  Purify  and  compare  the  two  forms  of  osteopontin  according  to  structure  and 
function  with  regard  to  breast  cancer  cell  migration. 

Biological  functions  of  metastasis  associated  gene  products  are  extensively 
regulated  at  the  posttranscriptional  and  posttranslational  levels  (Weber/Ashkar  2000). 
Consistently,  osteopontin  from  various  cellular  sources  may  have  diverse  structural 
characteristics  (Kon  et  al.  2000).  The  main  physiologic  source  of  osteopontin  is  CD4+  T- 
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cells.  Macrophages  may  also  produce  osteopontin  after  stimulation  with  lipopolysaccharide 
but  with  distinguishable  biological  consequences.  The  macrophage-generated  osteopontin  is 
structurally  different  from  the  T-cell  derived  molecule,  possibly  due  to  loss  of  part  of  its 
sequence  by  alternative  splicing  (S.  Ashkar  and  G.F.  Weber,  unpublished  observations). 
Studies  in  osteopontin7'  gene  targeted  mice  (Crawford  et  al.  1998)  have  suggested  the 
existence  of  structural  and  functional  differences  between  tumor-derived  osteopontin  and 
the  osteopontin  forms  that  are  relevant  for  host  defenses.  Evidence  suggests  that  tumor- 
derived  osteopontin  is  unique  (i.e.  structurally  different  from  osteopontin  derived  from 
non-transformed  cells)  and  lacks  important  domains  (Figure  1).  As  a  case  in  point,  an 
osteosarcoma  secreted  a  smaller  form  of  osteopontin  than  the  predominant  product  secreted 
by  non-transformed  bone  cells  (Kasugai  et  al.  1991).  Malignant  cells  often  secrete 
hypophosphorylated  osteopontin  variants  (Shanmugam  et  al.  1997)  or  a  splice  variant  that 
has  a  deletion  in  its  N-terminal  portion  (Kiefer  et  al.  1989)  and  this  molecule  may 
contribute  to  metastatic  spread  (Weber  et  al.  1997)  by  inducing  cell  migration. 
Concomitantly,  hypophosphorylated  or  alternatively  spliced  osteopontin  could  ligate  CD44 
on  macrophages  leading  to  chemotaxis  (Weber  et  al.  1996)  and  suppression  of  IL-10,  but 
would  possibly  engage  its  integrin  receptors  less  efficiently,  so  that  substantial  amounts  of 
EL- 12  would  not  be  secreted  (Ashkar  et  al.  2000).  Due  to  the  inability  of  tumor-derived 
osteopontin  to  associate  with  the  extracellular  matrix  (Rittling  et  al.  2001)  its  cytokine 
functions  (dependent  on  its  presentation  in  soluble  form  (Adler  et  al.  2001))  may  be 
particularly  prominent.  Thus,  expression  of  structurally  altered,  spliced  or 
hypophosphorylated  osteopontin  by  cancer  cells  may,  among  other  functions,  represent  a 
mechanism  of  immune  evasion. 


Figure  1:  Structural  characteristics  of  the  osteopontin  gene  product.  Top:  The  gene  has  6 
translated  exons.  Sequences  for  splice  variants  of  exons  4  and  5  are  deposited  in  Genbank. 
Middle:  The  protein  contains  two  main  domains,  a  N-terminal  fragment  contains  the 
integrin  binding  sites,  while  the  CD44  binding  site  lies  on  the  C-terminal  domain.  Bottom: 
The  integrin  binding  site  covers  the  sequence  GRGDS.  The  smallest  integrin  Otyfa  binding 
peptide  identified  by  us  starts  at  AA7I.  Binding  to  fa-containing  integrins  occurs  through 
the  non-canonical  sequence  SWYGLR,  unless  the  fa  chain  is  paired  with  0C4,  in  which  case 
the  binding  site  ranges  from  AA131  to  AA144.  We  have  found  the  CD44v6  binding  site  to 
cover  the  region  from  AA169  to  AA220.  Heparin-bridges  between  osteopontin  and 
CD44v3  may  be  formed  via  the  heparin  binding  sites  on  AA 170  and  300.  The  scheme  is  not 
drawn  to  scale. 
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Several  reports  (Kon  et  al.  2000;  Kasugai  et  al.  1991;  Shanmugam  et  al.  1997; 
Kiefer  et  al.  1989;  Weber  et  al.  1997),  some  of  them  recent  (Crawford  et  al.  1998),  have 
shed  light  on  the  structural  and  functional  differences  between  tumor  secreted 
osteopontin  and  host  osteopontin.  Host  osteopontin  may  protect  from  tumors  while 
osteopontin  produced  by  cancer  cells  confers  metastatic  potential  (Crawford  et  al.  1998; 
Denhardt/Chambers  1994;  Feng  et  al.  1995).  We  had  reason  to  hypothesize  that  the 
structural  variations  in  osteopontin  from  various  sources  might  originate  not  only  in 
posttranslational  modifications,  but  also  on  the  level  of  RNA  editing.  We  have  therefore 
analyzed  the  osteopontin  messages  in  various  normal  and  transformed  breast  epithelial  cell 
lines  by  RT-PCR,  cloning,  and  sequence  determination  (Figure  2).  We  also  tested 
transformed  epithelial  and  mesenchymal  cells  (MDA-MD-435,  21PT,  21NT  breast 
cancers,  LnCAP  prostate  cancer,  SAOS-2  osteosarcoma).  In  these  experiments,  cells  are 
starved  (serum-free  medium),  treated  with  PMA  (a  potent  inducer  of  osteopontin 
expression  in  many  cells)  or  cultured  in  complete  (serum-containing)  medium. 
Osteopontin  RNA  is  extracted,  amplified  by  RT-PCR,  cloned  and  sequenced.  We  have 
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found  the  expression  of  two  forms  in  malignant,  but  not  benign  cells.  Interestingly,  normal 
breast  epithelial  cells  (generously  provided  by  Dr.  Vimla  Band;  Liu  et  al.  1996;  Ratsch  et  al. 
2001)  express  low  or  moderate  amounts  of  standard  osteopontin,  but  no  smaller  transcript. 
After  immortalization  with  the  human  papillomavirus  oncogene  E6,  however,  expression  of 
two  osteopontin  bands  is  observed.  The  two  bands  were  identified  as  the  wild-type 
osteopontin  and  a  splice  variant  missing  the  third  translated  exon  (exon  4,  because  exon  1  is 
untranslated  (Behrend  et  al.  1993)).  The  identified  transcripts  correspond  to  the  sequences  of 
osteopontin-a”  and  “osteopontin-b”,  which  have  been  deposited  in  GenBank  (Accession 
numbers  D28759  and  D28760)  but  have  not  been  thoroughly  studied.  Published  reports  on 
the  expression  or  function  of  splice  variants  are  limited  to  the  observation  of  three  types  of 
osteopontin  RNA  messages  in  human  gliomas  (Saitoh  et  al.  1995)  and  to  the  existence  of  a 
splice  variant  that  has  a  deletion  in  its  N-terminal  portion  (Kiefer  et  al.  1989).  It  may  be 
important  to  note  that  it  is  not  unexpected  for  tumors  to  express  multiple  variant  transcripts 
of  metastasis-associated  genes.  Similar  observations  have  been  made  for  the  homing 
receptor  CD44.  Tumors  may  express  up  to  nine  distinct  spliced  forms  of  this  gene 
(Matsumura/Tarin  1992).  Only  certain  CD44  splice  variants  support  metastasis  (Gunthert  et 
al.  1991),  while  the  standard  form  acts  as  an  inhibitor  of  dissemination  (Tanabe  et  al.  1995). 
It  can  be  hypothesized  that  similar  relationships  may  apply  for  standard  osteopontin  and  its 
splice  variant.  This  might  account  for  the  apparently  conflicting  observations  that 
osteopontin  produced  by  cancer  cells  (the  unique  form  being  osteopontin-b)  supports  their 
dissemination,  while  host  osteopontin  (osteopontin-a)  may  contribute  to  anti-cancer  immune 
surveillance. 

Because  osteopontin  is  not  spliced  in  benign  tumor  cells  or  in  T-lymphocytes  the 
domain  encoded  by  exon  4  may  be  essential  for  host  defense.  The  splicing  deletes  a 
polypeptide  that  does  not  have  any  known  functional  motifs  and  interferes  only  minimally 
with  the  previously  defined  binding  region  for  integrin  otvp3  (Figure  2).  A  homology  search 
in  the  protein  database  (pdb)  has  yielded  only  rudimentary  homology  with  other 
polypeptides,  whose  origins  range  from  viral  to  xenopus-derived.  No  specific  function  can 
be  inferred  from  the  homology  search. 
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Figure  2:  Expression  of  osteopontin  splice  variants  in 
multiple  tumor  cell  lines .  A,B)  RNA  was  extracted  from 
various  cell  lines,  was  reverse  transcribed ,  and  used  as 
template  in  PCR  reactions .  Primers  for  osteopontin  (OPN) 
amplified  a  616  bp  segment  from  the  5’  end  of  the 
transcript .  Alongside  every  other  cell  line,  MDA-MB-435 
cDNA  was  amplified  to  mark  the  two  osteopontin  bands 
(not  shown).  Resulting  double  bands  ( MDA-MB-435  cells, 
HeLa  cells ,  21MT  cells ,  not  shown:  Saos-2  cells)  were 
cloned  and  sequenced .  No  template  (not  shown)  and 
GAPDH  served  as  controls.  A)  In  malignant  breast  cancer 
(MDA-MB-435)  and  lymphoma  (HeLa),  two  osteopontin 
bands  are  amplified.  In  T-cells  (Jurkat)  one  band  is 
obtained.  B)  (top  panel)  Osteopontin  expression  in  breast 
tumor  cell  lines.  Two  bands  are  seen  in  the  malignant  cells 
(MDA-MB-435,  21MT1,  21MT2,  MDA-MB-231).  In 
benign  cells  ( H16N2 ,  MCF- 7 ,  ZR-75)  one  or  no  band  is 
obtained,  (bottom  panel)  Normal  breast  epithelial  cells 
express  low  or  moderate  amounts  of  standard  osteopontin 
(76N,  7 ON,  7VNE,  3VN,  7VN).  In  contrast ,  breast 
epithelial  cells  immortalized  with  the  HPV  oncogene  E6 
(81E6,  M2E6E7,  16E6P)  express  two  transcripts  of 
osteopontin  (not  shown).  C)  The  number  of  transcripts 
detected  by  RT-PCR  corresponds  to  the  number  of  protein 
bands  on  Western  blots  from  cell  lysates.  The  *  indicates  a 
likely  cleavage  product  that  is  very  commonly  observed  on 
Western  blots  for  osteopontin. 


We  have  found  an  osteopontin  splice  variant  to  be  expressed  in  breast  cancer  cells, 
but  not  in  benign  breast  tumor  cell  lines.  Even  though  no  unique  structural  characteristics 
have  been  identified  for  the  spliced  exon,  an  existing  literature  has  described  structural 
(migration  on  SDS-PAGE)  and  functional  (metastasis  versus  host  defense)  differences 
between  tumor-derived  and  host-derived  osteopontin  that  may  be  explained  by  differential 
splicing.  A  recent  publication  (Rittling  et  al.  2001)  has  reported  on  the  inability  of  tumor 
secreted  osteopontin  to  mediate  cell  adhesion  to  the  extracellular  matrix,  providing  a 
possible  criterion  for  differentiating  standard  and  spliced  osteopontin. 


We  will  follow  up  on  these  preliminary  observations.  We  are  also  setting  up 
experiments  to  immunoprecipitate  osteopontin  from  breast  cancer  cells  (MDA-MB-435 
and  MDA-MB-231,  which  secrete  osteopontin  constitutively)  and  from  bone-derived 
cells  (the  target  for  breast  cancer  cell  invasion)  cultured  in  serum-free  medium.  We  will 
attempt  to  analyze  the  partially  purified  protein  by  mass  spectrometry  for 
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phosphorylation  and  glycosylation.  The  Dana-Farber  Cancer  Institute  has  a  molecular 
biology  core  facility  that  performs  similar  analyses  routinely  and  has  performed  studies 
of  posttranslational  modifications  for  us  previously.  It  should  be  noted,  however,  that  the 
complexity  of  the  starting  material  often  allows  only  partial  characterization  of  the 
protein. 

Task  4:  Define  binding  sites  on  CD44  and  osteopontin  and  the  consequences  of  their 
interaction. 

Cancers  of  particular  tissue  origin  show  consistent  preference  for  specific  target 
organs  to  spread  to.  This  topology  of  metastasis  formation  is  mediated  by  the  potpourri  of 
homing  receptors  on  the  tumor  cell  surface  and  their  ligands  and  is  widely  believed  to  have 
its  physiologic  correlate  in  morphogenesis  during  embryonic  development.  Unexpectedly, 
knockout  mice  in  which  individual  genes  known  to  participate  in  tumor  spread  were 
disrupted  turned  out  to  be  fertile  and  developmental^  normal.  The  defects  observed  in  the 
relevant  gene  targeted  mice  are  impairments  of  various  features  of  stress  responses. 
Metastasis-associated  gene  products  have  several  characteristics  in  common.  They  comprise 
a  set  of  developmental^  non-essential  genes,  which  physiologically  mediate  stress 
responses,  including  inflammation,  wound  healing,  and  neovascularization.  Recognition  of 
topology  is  encoded  in  the  surface  molecules  of  immune  cells  and  organ  preference  by 
cancer  may  be  derived  from  a  process  which  immune  cells  use  to  target  their  responses. 
Metastasis-associated  gene  products  therefore  constitute  a  unique  and  essential  group  of 
cancer-related  biomolecules.  We  conclude  that  metastasis  formation  is  a  process  that  mimics 
macrophage  behavior  (Weber/Ashkar  2000a, b).  We  believe  that  this  insight  constitutes  a 
major  paradigm  shift  for  two  reasons  1)  the  classical  cancer  related  genes  (oncogenes,  tumor 
suppressor  genes,  telomerase,  and  DNA  repair  genes)  do  not  account  for  metastasis 
formation,  2)  currently,  most  metastasis  researchers  favor  the  assumption  that  metastasis 
formation  copies  mechanisms  of  organ  development;  this  notion,  however,  is  clearly  refuted 
by  the  absence  of  developmental  abnormalities  in  the  relevant  knockout  mice. 

We  attempted  to  define  the  consequences  of  interactions  between  CD44  and 
osteopontin  in  Boyden  chambers,  where  the  upper  surface  of  the  trans-membrane  was 
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coated  with  matrigel  to  measure  cell  invasion.  Those  experiments  were  unsuccessful  due  to 
the  interference  of  laminin  (the  major  constituent  of  matrigel)  with  the  effects  of  osteopontin 
on  cell  motility  (similar,  yet  unpublished  observations  were  made  with  regard  to  the  laminin 
effect  on  osteopontin-mediated  T-lymphocyte  co-stimulation).  The  identification  of  this 
laminin  effect  may  potentially  lead  to  treatment  options  for  metastatic  tumors. 

Mice  deficient  in  osteopontin  gene  expression  fail  to  develop  delayed  type 
hypersensitivity  responses  or  Thl -driven  autoimmunity  after  viral  or  parasitic  infection. 
These  defective  immune  responses  are  associated  with  diminished  production  of  the 
stimulatory  cytokine  IL-12  and  excessive  production  of  the  inhibitory  cytokine  IL-10.  A 
phosphorylation-dependent  interaction  between  the  N-terminal  portion  of  osteopontin  and 
its  integrin  receptor  on  macrophages  leads  to  IL-12  expression,  while  a  phosphorylation- 
independent  interaction  of  osteopontin  with  CD44  inhibits  IL-10  expression.  (Ashkar  et 
al.  2000). 

Based  on  the  immunomodulatory  effect  of  osteopontin,  we  have  designed  candidate 
peptide  drugs  that  selectively  interfere  with  receptor  binding  to  either  CD44  or  integrin  avP3 
(patent  pending;  see  appendix). 


Specific  Aim  2:  Investigation  into  the  roles  of  CD44  and  osteopontin  in  metastasis 
formation. 

Task  5:  Transfect  benign  cells  with  the  cancer  derived  CD44  splice  variant  or 
osteopontin  and  test  the  malignant  potential.  Transfect  malignant  cells  with  antisense 
constructs  and  test  amelioration  of  malignancy. 

We  have  back-crossed  CD44  knockout  mice  with  mice  bearing  mutant  p53  or 
APC  tumor  suppressor  genes  to  assess  the  influence  of  CD44  on  tumorigenicity.  Mice 
with  point  mutations  in  tumor  suppressor  genes,  APC+/min  bred  on  C57B1/6  background  or 
trp53+/tml  on  C57B1/6  background,  were  obtained  from  Jackson  Laboratory.  Either  APC+/min 
mice  or  trp53+/tml  mice  were  mated  with  CD447"  mice  that  had  been  back-crossed  from  129 
to  C57BL/6  for  4  generations  (Su  et  al.  1992).  The  genotypes  were  assessed  using  PCR 
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from  genomic  DNA  (Schmits  et  al.  1997;  Jacks  et  al.  1994;  Su  et  al.  1992)  and  CD44 
expression  was  confirmed  by  flow  cytometry  from  blood  samples  using  the  pan-CD44 
antibody  IM7  (Pharmingen).  Siblings  were  housed  in  groups  of  1-4  per  cage  at  the  Redstone 
Animal  Facility  (DFCI)  in  alternate  12-hr  light  and  dark  cycles.  A  diet  of  pelleted  chow 
(Agway,  Prolab  3000)  and  bottled  water  was  administered  ad  libitum  and  room  temperature 
was  kept  at  25°C.  The  colony  was  frequently  tested  for  endoparasitic  and  ectoparasitic 
infections,  as  well  as  for  bacterial  and  viral  infections  by  the  Charles  River  Labs 
(Wilmington  MA).  No  infection  was  detected  during  the  course  of  this  study.  Permission  to 
exceed  a  tumor  diameter  of  2  cm  was  granted  by  the  institutional  animal  care  and  use 
committee  and  the  mice  were  frequently  seen  by  a  veterinarian. 

Because  aberrant  expression  of  CD44  splice  variants  may  confer  a  malignant 
phenotype  to  tumor  cells,  we  asked  whether  the  targeted  deletion  of  the  CD44  gene  was 
sufficient  to  suppress  the  dissemination  of  solid  tumors.  Osteosarcomas  developed  mostly 
on  the  lower  back.  One  trp53+/tmICD447"  mouse  had  an  osteosarcoma  of  the  skull. 
Metastases  were  detected  in  the  lungs  and  livers  from  trp53+/tml  mice  with  osteosarcoma. 
Step  sections  from  livers  and  lungs  identified  28  metastases  in  6  CD44+/+  mice  and  1 
metastasis  in  4  CD44 '  mice.  One  CD44+/+  mouse  also  displayed  a  macroscopically  visible 
metastasis  in  the  spleen.  All  6  CD44  /  mice  had  multiple  osteosarcoma  metastases  while  in 
4  CD447  mice  only  one  individual  lung  metastasis  was  detected.  Consistently,  CD44 
expression  was  prominent  in  the  osteosarcomas  of  CD44+/+  mice. 

The  absence  of  CD44  does  not  alter  the  phenotype  of  benign  tumors.  The  intestinal 
polyps  caused  by  mutation  in  the  APC  gene  grow  non-invasively  but  express  various  splice 
variants  of  CD44.  This  occurs  at  the  earliest  stages  of  transformation  diagnosed  as  aberrant 
crypt  foci  with  dysplasia.  Histology  was  performed  on  the  largest  intestinal  polyps  from  - 
each  APC  mouse  to  assess  malignancy.  Consistent  with  previous  reports,  these  tumors 
are  non-invasive  as  judged  by  intact  basement  membranes  in  all  cases.  No  metastases  were 
observed  in  other  organs  (3  histologic  sections  per  organ).  These  results  were  not  affected 
by  the  presence  or  absence  of  CD44.  Histologic  findings  included  ectopic  hepatic 
hematopoiesis  and  bone  marrow  siderosis  in  several  mice,  which  are  likely  attributable  to 
blood  loss  through  the  intestinal  polyps.  In  all  tumors  studied,  the  absence  of  CD44  gene 
products  did  not  affect  tumor  incidence  or  survival.  Therefore,  CD44  gene  products  are  not 
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essential  for  tumor  incidence  and  growth,  but  are  important  in  regulating  metastasis 
formation.  The  manuscript  has  been  published  in  Cancer  Research. 

Task  6:  Iniect  breast  cancer  cells  and  test  the  preferred  site  of  metastasis  formation. 

We  have  transfected  cells  that  do  not  express  endogenous  CD44  (the  Balb/c 
derived  leukemia  cell  line  S49  as  well  as  osteosarcoma  cells  derived  from  a  mouse  with 
mutant  p53  and  gene  knockout  of  CD44  that  had  been  bred  and  raised  in  our  laboratory) 
with  a  retroviral  vector  containing  GFP  and,  in  a  separate  open  reading  frame,  either  no 
gene,  CD44v4-10,  CD44v7-10,  or  CD44v8-10.  We  intend  to  use  these  cell  lines  for  in 
vitro  and  in  vivo  experiments. 

Task  7:  Assess  the  potential  contribution  of  osteopontin-mediated  anti-apoptotic  effects 
on  tumor  growth  and  spread. 

We  have  characterized  osteopontin-mediated  homing  as  a  two-step  process 
mediated  by  the  two  main  receptors,  CD44  and  integrin  ocv|33  (Weber  et  al.  2002).  In  an 
effort  to  better  understand  the  mechanisms  by  which  osteopontin  mediates  cell  invasion 
and  survival  through  its  receptors  CD44  and  integrin  0Cv|33,  we  have  investigated  signal 
transduction  events  induced  by  the  cytokine  after  ligation  of  each  receptor.  An  interaction 
between  the  C-terminal  domain  of  osteopontin  and  the  receptor  CD44  induces  macrophage 
chemotaxis  via  G-protein  signaling,  while  engagement  of  integrin  receptors  by  a  non¬ 
overlapping  N-terminal  osteopontin  domain  induces  cell  spreading,  mediated  by  PKC,  and 
macrophage  activation  involving  phosphatidylinositol  as  a  secondary  signal  transduction 
component.  Preliminary  studies  indicate  that  signaling  mediated  by  phosphatidylinositol  3- 
kinase  also  contributes  to  the  osteopontin-induced  anti-apoptotic  functions.  Two 
manuscripts  are  in  preparation. 

In  sum,  we  have  analyzed  the  metastasis  genes  CD44  and  osteopontin.  To  better 
understand  their  role  in  pathophysiology,  we  have  investigated  their  physiologic  roles  in 
host  defense  and  stress  responses.  Not  all  studies  were  focused  on  breast  cancer.  This  was 
in  part  due  to  circumstance.  The  Department  of  Cancer  Immunology  and  AIDS  at  the 
Dana-Farber  Cancer  Institute  was  not  set  up  for  breast  cancer  research.  In  some  studies, 
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the  available  murine  model  systems  to  answer  important  questions  were  related  to  cancer, 
but  not  specifically  to  breast  cancer.  Finally,  we  believe  that  an  understanding  of 
metastasis  formation  requires  the  investigation  of  the  physiologic  roles  of  the  relevant 
genes.  This  research  inevitably  led  us  back  to  immunology.  Nevertheless,  we  believe  that 
our  work  over  the  past  four  years  has  made  substantial  progress  in  defining  metastasis 
genes  as  a  unique  group  of  cancer-related  genes  beside  oncogenes  and  tumor  suppressor 
genes.  We  have  further  define  the  regulation  of  metastasis  genes  to  occur  on  the  levels  of 
aberrant  expression  or  splicing  and  of  post-translational  modifications.  We  hope  that 
these  insights  will  have  a  substantial  influence  on  future  breast  cancer  research.  Without 
the  support  from  the  USAMRMC  these  studies  would  not  have  been  possible.  With  the 
continued  generous  support  from  the  U.S.  Army  breast  cancer  program  (BC011270),  our 
laboratory  is  now  investigating  the  molecular  connections  between  oncogenes  and 
metastasis  genes. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

*  Identification  of  CD44  as  a  metastasis  gene  that  does  not  affect  tumor  incidence  or 
growth 

*  Specification  of  the  physiologic  roles  of  osteopontin  and  of  the  division  of  labor 
between  its  two  main  groups  of  receptors,  CD44  and  integrins. 

*  Characterization  of  signal  transduction  events  associated  with  ligation  of  CD44  and 
integrin  av(33  by  osteopontin 

*  Observation  of  an  osteopontin  splice  variant  selectively  expressed  in  malignant  tumors 

*  Identification  of  malignant  tumor  cells  as  a  source  of  osteopontin  splice  variants 

*  Characterization  of  metastasis  genes  as  stress  response  genes 
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CONCLUSIONS 

Cancer  is  characterized  by  dysregulated  growth  control,  immortalization,  and  metastasis 
formation.  The  latter  distinguishes  malignant  tumors  from  benign  tumors  and  is  mediated 
by  groups  of  molecules  that  include  homing  receptors,  cytokines,  and  proteinases. 
Expression  of  these  molecules  on  tumor  cells  determines  when  and  where  particular  types 
of  cancer  spread.  The  physiologic  role  of  the  relevant  receptors,  cytokines,  and  proteases 
in  the  healthy,  cancer-free  organism  has  been  incompletely  understood.  We  have  studied 
the  homing  receptor  CD44  and  its  ligand,  the  cytokine  osteopontin.  In  host  defense, 
CD44  and  osteopontin  play  key  roles  in  mediating  delayed  types  of  immune  response  that 
are  important  in  tuberculosis,  organ  transplantation,  and  many  forms  of  vaccination. 
Macrophages  are  the  cells  that  mainly  determine  whether  an  immune  reaction  will  have 
delayed  (cell-mediated)  or  acute  (antibody-mediated)  characteristics,  and  osteopontin  and 
CD44  direct  macrophages  to  the  former.  The  engagement  of  CD44  by  osteopontin  also 
induces  macrophage  migration,  a  mechanism  that  metastatic  tumors  utilize  in  the  process 
of  dissemination.  We  have  developed  a  two-step  model  of  breast  cancer  invasion  based 
on  the  interactions  of  osteopontin  and  its  receptors,  integrins  and  CD44.  We  have  found 
that  other  gene  products  that  contribute  to  dissemination  of  cancerous  cells  similarly 
contribute  to  host  defenses,  and  we  conclude  that  metastasis  genes  are  developmentally 
non-essential  genes  which  physiologically  mediate  stress  responses,  inflammation, 
wound  healing,  and  blood  vessel  formation. 
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Cell-mediated  type-1)  immunity  is  necessary  for  immune  protection  against 
ost  intracellular  pathogens  and,  when  excessive,  can  mediate  organ-specific 
autoimmune  destruction.  Mice  deficient  in  Eta-1  (also  called  osteopontin)  gene 
expression  have  severely  impaired  type-1  immunity  to  viral  infection  [hemes 

oeT  ra„Tr^V  (?°S  Strain)I  and  baCterial  infeCti0n  »***  m°nocyto- 
g  es)  and  do  not  develop  sarcoid-type  granulomas.  Interleukin- 12  (IL-12)  and 

interferon-^  production  is  diminished,  and  IL-10  production  is  increased  A 

phosphorylation-dependent  interaction  between  the  amino-terminal  portion  of 

nhnl.?  Tgn"  r6Cept0r  stimulated  IL-12  expression,  whereas  a  phos- 
phorylat.on-mdependent  interaction  with  CD44  inhibited  IL-10  expression 

TbeSe  f!ndmgs  ,dentlfy  Eta'1  as  a  key  cytokine  that  sets  the  stage  for  efficient 

2  ii  lnmTtreSPOnSeS  thr°Ugh  differential  regulation  of  macrophage  IL-12 
and  IL-10  cytokine  expression.  6 


The  development  of  cell-mediated  (type-1)  im¬ 
mune  responses  is  necessary  for  protection 
against  the  growth  of  many  infectious  pathogens 
and,  when  excessive,  can  mediate  autoimmune 
host  tissue  destruction.  Although  macrophage 
activation  by  microbial  pathogens  (/,  2)  and 
foreign  body  reactions  (J)  are  associated  with 
type-1  immunity,  the  cellular  and  molecular 
events  that  imprint  this  response  are  not  fully 
understood.  An  essential  early  step  in  this  pro¬ 
cess  is  macrophage  production  of  IL-12  at  sites 
of  infection,  whereas  early  IL-10  production 
inhibits  this  response  (4).  Although  IL-12  re¬ 
sponses  can  be  triggered  by  an  interaction  be¬ 
tween  the  CD40  ligand  on  activated  T  cells  and 
CD40  on  macrophages  (4),  this  interaction  also 
induces  the  inhibitory  IL-10  cytokine  (5.  6),  and 
its  transient  nature  may  not  suffice  for  sustained 
IL-12  induction  in  vitro  (7)  or  in  vivo  (8). 

A  gene  product  that  may  play  an  impor¬ 
tant  role  in  the  development  of  type-1  immu¬ 
nity  is  the  T  cell  cytokine  Eta- 1  (for  early  T 
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lymphocyte  activation-1),  also  known  as  os¬ 
teopontin  (Opn)  (9).  The  Eta-1  gene  is  ex¬ 
pressed  in  T  cells  early  in  the  course  of 
bacterial  infections  (within  48  hours),  and 
interaction  of  its  protein  product  with  macro¬ 
phages  can  induce  inflammatory  responses 
(1°).  Genetic  resistance  to  infection  by  cer¬ 
tain  strains  of  Rickettsia  may  depend  on  Eta- 
1— dependent  attraction  of  monocytes  into  in¬ 
fectious  sites  and  acquisition  of  bacteriocidal 
activity  (//);  the  granulomatous  responses 
characteristic  of  sarcoidosis  and  tuberculosis 
are  associated  with  high  levels  of  Eta- 1  ex¬ 
pression  (12). 

Granuloma  formation  in  these  human  dis¬ 
eases  is  a  cellular  consequence  of  type-1  immu¬ 
nity  (12),  and  sarcoid-type  granulomas  can  be 
induced  in  mice  after  injection  of  polyvinyl 
pyrrolidone  (PVP)  (13).  Because  certain  murine 
models  of  parasite-induced  granulomas  may 
reflect  a  mixture  of  type-2  and  type-1  immunity 
(d),  we  first  established  the  importance  of  IL- 
12- dependent  type-1  immunity  in  this  murine 
model  of  granuloma  formation.  An  intense 
granulomatous  response  was  provoked  shortly 
after  (subcutaneous)  injection  of  PVP  into 
C57BL/6  (+/+)  but  not  C57BL/6  mtfnu  strains 
of  mice.  This  response  was  diminished  by  70  to 
^0  ^  in  C57BL/6  IL-12  mice  and  was  en¬ 
hanced  two-  to  threefold  in  C57BL/6  IL-10"7" 
mice  (Fig.  1,  A  and  B).  Because  C57BL/6 
nulnu  mice  coinjected  with  PVP  and  puri¬ 
fied  Eta-I  displayed  a  granulomatous  reac¬ 
tion,  this  gene  product  can  partially  substi¬ 
tute  for  activated  T  lymphocytes  in  this 
setting  (Fig.  1,  A  and  B). 

We  then  asked  whether  mice  deficient  in 
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Eta-1  secondary  to  targeted  gene  mutation  (14) 
formed  granulomas  after  PVP  injection.  Eta- 
1  mice  did  not  develop  a  detectable  granu¬ 
lomatous  response  after  challenge  with  PVP;  the 
response  was  partially  restored  by  coinjection  of 
purified  Eta-1  with  PVP  (Fig.  1,  A  and  B). 
Histologic  analysis  of  granulomas  formed  in 
Eta-1  mice  and  in  Eta-1"7“  mice  reconsti¬ 
tuted  with  purified  Eta-1  revealed  a  similar  mac¬ 
rophage-dominant  cellular  infiltrate:  About  85% 
of  granulomatous  cells  in  both  cases  were  Mac- 
1+,  whereas  5  to  10%  were  CD3+  T  cells  or 
B220  B  cells.  BP-55 +  neutrophils,  which  were 
only  a  minor  component  (1  to  2%)  of  granulo¬ 
mas  in  these  mice,  increased  5-  to  10-fold  in  the 
granulomas  of  IL-10"7"  mice  (Fig.  1C).  Eta- 
I  mice  also  displayed  defective  granuloma¬ 
tous  responses  to  injection  of  collagen  and  latex, 
consistent  with  reports  that  human  T  cells  resi¬ 
dent  in  sterile  granulomas  have  high  expression 
of  Eta-1  (12).  Restimulation  of  lymph  nodes 
draining  subcutaneous  sites  of  PVP  injection  in 
Eta-1  7~  mice  and  control  mice  with  PVP  re¬ 
vealed  impaired  IL-12  and  interferon-7  (IFN-7) 
responses:  The  IL-12  response  was  reduced  by 
~95%,  and  the  IFN-y  response  of  Eta-1~7" 
mice  was  reduced  by  90%  in  comparison  to 
Eta-1+/+  controls  (Fig.  ID). 

We  next  defined  the  role  of  Eta-1  in  the 
immune  response  to  herpes  simplex  virus-type 
1  (HSV-1)  (KOS  strain)  infection.  Eta-1"7" 
mice  infected  by  HSV-1  [4  X  106  plaque¬ 
forming  units  (PFU)  via  the  cornea]  did  not 
develop  a  significant  tuberculin-type  delayed- 
type  hypersensitivity  (DTH)  response  after 
footpad  challenge  with  HSV-1  (10s  PFU),  in 
contrast  to  the  strong  DTH  response  of  Eta- 
l+7+  controls  (Fig.  2A,  left).  Although  the 
numbers  of  T  cells  and  proportions  of  T  cell 
subsets  in  the  thymus  and  peripheral  lymphoid 
tissues  of  Eta-1  ~7“  mice  were  similar  to  Eta- 
1+/+  littennates  (15),  defective  antiviral  DTH 
responses  might  reflect  a  subtle  alteration  in 
lymphocyte  or  macrophage  development.  We 
therefore  tested  the  effects  of  acute  in  vivo 
depletion  of  Eta- 1  with  a  neutralizing  antibody. 
Administration  of  antibody  to  Eta-I  (LF-123) 
(16)  immediately  before  and  repeatedly  after 
HSV-1  infection  efficiently  inhibited  the  DTH 
response  upon  rechallenge  (Fig.  2A,  right). 

Comeal  HSV-I  infection  can  also  lead  to  a 
destructive  type- 1  autoimmune  inflammatory 
reaction,  herpes  simplex  keratitis  (HSK),  initi¬ 
ated  by  CD4  cells  that  recognize  a  viral  peptide 
mimic  (17).  This  inflammatory  response  de¬ 
pends  on  the  production  of  IL-12  and  is  inhib¬ 
ited  by  IL-10  (18).  Within  10  to  14  days  after 
corneal  HSV-1  infection,  -65%  of  control  Eta- 
\+/+  mice  developed  HSK,  whereas  HSV-1- 
infected  Eta-1  7  mice  did  not  readily  develop 
this  disease  (Fig.  2B).  Analysis  of  cells  from  the 
draining  lymph  nodes  of  virus-infected  Eta- 
1  '  and  Eta-l+7+  mice  indicated  that  they 
responded  similarly  to  HSV-1  according  to 
[3H]thymidine  incorporation  after  viral  restimu- 
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lation  in  yitro  (19).  However,  draining  lymph 
node  cells  from  virally  infected  Eta-l_/“  mice 
produced  exaggerated  amounts  of  IL-10  and 
IL-4  and  reduced  IL-12  in  comparison  with 
Eta-1+/+  controls  (Fig.  2C).  In  contrast  with 
this  sterile  granulomatous  response,  IFN-y  lev¬ 
els  were  not  reduced  in  Eta-l-/“  mice  after 
HSV-1  viral  infection  (20),  consistent  with  an 
IL- 12-independent  pathway  to  IFN-y  produc¬ 
tion  that  may  depend  on  virally  induced  IFN- 
a/p  production  (21). 

We  then  investigated  the  ability  of  Eta- 
l~/_  mice  to  mount  a  protective  immune 
response  after  bacterial  infection.  The  murine 
response  to  Listeria  monocytogenes  is  an  ex¬ 
perimental  cornerstone  of  our  understanding 
of  the  early  events  leading  to  type-1  immu¬ 
nity  after  microbial  infection  (7)  and  depends 
on  early  macrophage  production  of  IL-12  and 
downstream  expression  of  IFN-y  (22).  Eta- 
1 _/~  mice  were  defective  in  their  ability  to 
clear  L.  monocytogenes  after  systemic  infec¬ 


tion,  similar  to  the  defect  in  IL-12_/'“  mice 
(23)  (see  Web  figure  1,  available  at  www. 
sciencemag.org/feature/data/104645Lshl). 
Restimulation  of  spleen  cells  from  Eta-1”7" 
and  Eta-1+/+  mice  with  heat-killed  bacteria 
revealed  that  cells  from  the  former  mice  had 
reduced  IFN-y  responses:  25.5  ±  6.5  ng/ml 
of  IFN-y  were  produced  by  spleen  cells  from 
Eta-1+/+  mice  in  comparison  with  3.2  ±  1.2 
ng/ml  of  IFN-y  from  Eta-1 mice  (24). 

Thus,  Eta-1  expression  may  affect  type-1 
immunity  through  regulation  of  the  IL-12  and 
IL-10  cytokine  ratio.  To  define  the  effect  of 
Eta-1  on  IL-10  and  IL-12  production  by  mac¬ 
rophages  in  vitro,  we  incubated  resident  perito¬ 
neal  macrophages  with  increasing  concentra¬ 
tions  of  purified  Eta-1  in  serum-free  medium 
(Fig.  3A).  This  resulted  in  the  secretion  of  as 
much  as  400  pg/ml  of  IL-12  at  48  hours,  where¬ 
as  IL-10  production  was  not  detected  (Fig.  3,  A 
and  B).  The  failure  of  Eta-1  to  induce  IL-10 
was  somewhat  surprising  because  other  cyto¬ 


kines  that  activate  macrophages,  including  tu¬ 
mor  necrosis  factor-a,  IL-1,  IL-2,  IL-3,  and 
IL-6,  all  stimulate  IL-10  secretion  (25),  and 
lipopolysaccharide  (LPS)  stimulation  of  these 
resident  peritoneal  macrophages  induced  both 
IL-12  (~250  pg/ml)  and  IL-10  (—100  pg/ml) 
(Fig.  3B).  Further  analysis  showed  that  Eta- 1 
actively  suppressed  the  LPS-dependent  IL-10 
response  of  resident  peritoneal  macrophages  by 
80  to  95%  (Fig.  3C). 

The  interaction  of  Eta- 1  with  macrophages 
is  mediated  through  two  functional  receptors. 
Engagement  of  CD44  mediates  chemotactic 
migration  (26),  and  interaction  with  av(33  inte- 
grin  causes  haptotaxis,  adhesion,  and  spreading 
(10,  27).  We  asked  which  receptor  was  respon¬ 
sible  for  the  regulation  of  macrophage  cytokine 
production  by  Eta-1.  Induction  of  IL-12  is  in¬ 
hibited  by  GRGDS  (25)  peptide  (but  not 
GRADS  peptide)  (29)  and  by  antibody  to  the 
integrin  p3  subunit  (but  not  by  antibody  to 
CD44),  and  macrophages  from  CD44“/_  mice 
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Fig.  1.  Granuloma  formation  in  cytokine-deficient  mice.  Granulomas 
were  measured  5  days  after  subcutaneous  injection  of  PVP  into  mice 
carrying  the  indicated  mutations  of  cytokine  genes  (38).  (A)  Results  are 
expressed  as  the  mean  number  of  granulomas  per  high-power  field  (HPF) 
(X200  magnification)  (left);  as  the  mean  number  of  cells  per  granuloma 
after  examination  of  50  to  80  HPF  per  mouse  (middle);  and  as  the 
product  of  these  two  indices,  shown  as  granuloma  burden  (right).  Error 
bars  indicate  1  SEM.  (B)  Photomicrographs  at  indicated  magnifications 
showing  histologic  analysis  of  tissue  sections  at  PVP  injection  sites  of 
Eta-1  +r+  (left)  or  Eta-1 -/“  (right)  mice  showing  granulomatous  infiltra¬ 
tions  of  mononuclear  cells  in  subcutaneous  dermal  and  subdermal  areas 
5  days  after  injection  of  PVP,  PBS,  or  PVP  +  5  p.g  purified  Eta-1  (40).  (C) 
Analysis  of  surface  antigens  expressed  by  cells  within  granulomas  in  the 
indicated  mouse  strains  was  done  with  monoclonal  antibodies  to  Mac-1, 
B220,  CD3,  and  BP-55  (a  neutrophil  marker).  Error  bars  indicate  1  SEM. 
(D)  Cytokine  expression  by  cells  from  lymph  nodes  draining  the  site  of 
granulomas  5  days  after  PVP  injection  was  measured  48  hours  after 
incubation  with  PVP  (2  X  106  cells  per  well).  Data  are  representative  of 
three  independent  experiments. 
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in  immunity  to  HSV-1 
(KOS  strain).  (A)  (Left) 
Defective  HSV-1-spe- 
cific  DTH  responses  in 
Eta-1  mice.  C57BL/ 
6  X  129  strain  mice 
with  or  without  a  tar¬ 
geted  disruption  of  the 
Eta-1  gene  {-/-)  or  con¬ 
trols  (+/+)  were  infect¬ 
ed  in  the  right  eye  with 
4  X  106  PFU  of  HSV-1 
(KOS)  and  challenged  5 
days  later  in  the  left 
footpad  with  1  X  10s 
PFU  of  UV-inactivated 
HSV-1  (KOS).  The  right 
(control)  and  left  (HSV- 
1)  footpads  of  each 
mouse  were  measured 
24  hours  later  with  a 
micrometer.  Each  data 
point  represents  the 
mean  and  standard  er¬ 
ror  (error  bars)  of  three 
mice  per  group.  (Right) 
Inhibition  of  the  anti- 
HSV-1  DTH  response  by 
acute  depletion  of  Eta- 
1.  The  neutralizing  anti¬ 
sera  LF-123  (76)  or  con¬ 
trol  normal  rabbit  se¬ 
rum  were  injected  at  25 
M-g  per  dose  per  day, 
starting  2  days  before 
injection.  On  day  0, 
mice  were  infected  with 
HSV-1  (KOS)  and  re¬ 
challenged  5  days  later 
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eyes  or  tta  i  and  Eta-1 mice  were  infected  with  4  X  106  PFl  l  nf  wc\/  i  It  g 

was  assessed  on  days  11  and  14  after  infer*;™  a~  -l  .  °'  blSV-1  (KOS),  and  disea 

keratitis  was  scored  on  the  basis  of  the  oerrentaao  dfescrlbed  (,7)-  The  severity  of  clinical  strom 
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draining  lymph  node  cells  (from  mice  15  dLs  after  H  v  'u  t"1'-™5  af*er  restimulation  < 
UV-inactivated  HSV  1  i.cinL  aq  u  D  °a^S  arter  infection  in  vivo)  by  4  X  107  PFU  < 

ration  rSunfo!  'XtZKSTSiX by  £L,“  '?S>-  ™ 

(nonimmune)  adherent  cells  yielded  less  than  one-third1  of'the'i'/^n6'1  d°n°rS  a,nd  Syngeny 
immune  T  cells  and  macronhaaes  a  .  .one  th,rd  of  the  IL-10  response  of  mixtures  c 


(30)  display  an  unimpaired  IL-12  response  (Fig. 
4,  A  to  C).  Moreover,  Eta- 1- dependent  induc¬ 
tion  of  IL-12  secretion  from  macrophages  was 
not  due  to  contamination  with  endotoxin:  Limu - 
lus  lysate  analysis  indicated  that  purified  Eta-1 
contained  <1  ng/g  of  endotoxin,  and  the  IL-12 
response  of  macrophages  from  C3H.HeJ  mice 
(which  are  defective  in  endotoxin  receptor-me¬ 
diated  signaling)  was  not  obviously  impaired  in 
comparison  to  other  strains  (Fig.  4C).  In  contrast 
to  IL-12  induction,  inhibition  of  IL-10  depends 
on  engagement  of  the  CD44  receptor:  Eta-1- 
dependent  inhibition  of  IL-10  is  blocked  by 
antibody  to  CD44  but  not  by  antibody  to  inte- 
grin  and  macrophages  from  CD44-/-  mice 
are  resistant  to  Eta-1  inhibition  of  the  IL-10 
response  (Fig.  4,  A  to  C).  To  further  characterize 
the  RGD-dependent  interaction  with  the  macro¬ 
phage  integrin  receptor,  we  analyzed  fragments 
from  an  Eta-1  Lys-C  digest  and  identified  a 
proteolytic  fragment  from  the  NH2-termina! 
portion  of  Eta-1,  which  contains  the  integrin 
binding  site  (termed  NK10)  that  is  sufficient  to 
induce  macrophage  IL-12  expression  (Fig.  4A). 

Eta- 1  is  secreted  in  nonphosphoryiated  and 
phosphorylated  forms  (31).  Phosphorylation 
may  allow  Eta-1  to  associate  with  the  cell  sur¬ 
face  rather  than  the  extracellular  matrix  (32), 
through  a  contribution  to  integrin  binding.  In 
contrast,  serine  phosphorylation  of  recombinant 
Eta-1  is  not  required  for  CD44-dependent  inter¬ 
actions  leading  to  chemotactic  migration  (26) 
We  investigated  whether  phosphorylation  of 
Eta-1  might  affect  its  ability  to  regulate  IL-12 
and  IL-10  expression.  Dephosphorylation  of  pu- 
nfied,  naturally  produced  Eta-1  abolished  IL-12 
stimulatory  activity;  phosphoiylation  of  recom¬ 
binant  Eta-1  at  specific  sites  restored  activity 
(33)  (see  Web  figure  2,  available  at  www. 

sciencemag.org/feature/data'l 04645 1  .shl).  Al¬ 
though  recombinant  Eta-l-lacking  phosphate 
groups  could  not  induce  IL-12,  this  molecule 
retained  inhibitory  activity  for  the  macrophage 
IL-10  response  (33).  Thus,  serine  phosphoryl¬ 
ation  can  provide  molecular  information  that 
regulates  the  biological  activity  of  a  secreted 
protein. 

Our  data  indicate  that  expression  of  Eta-1 
represents  an  essential  early  step  in  the  pathway 
that  leads  to  type- 1  immunity.  Previous  studies 
have  established  the  importance  of  macrophage 
production  of  IL-12  in  this  pathway  (/,  4,  22). 

Our  experiments  suggest  that  production  of 
Eta- 1  by  activated  T  cells  is  an  essential  proxi¬ 
mal  event  that  potentiates  the  macrophage  IL-12 
response  through  integrin  engagement  and 
dampens  the  IL-10  response  through  CD44  en¬ 
gagement,  leading  to  up-regulation  of  type-1 
cytokines.  The  latter  inhibitory'  effect  on  IL-10 
may  account  for  enhanced  granulomatous  re¬ 
sponses  of  CD44  *  -  mice  (30)  and  the  finding 
that  impairment  of  the  granuloma  response  not¬ 
ed  here  is  somewhat  greater  than  might  be  an¬ 
ticipated  from  the  response  of  IL- 12-deficient 
mice  (Fig.  1).  These  findings  fill  a  logical  gap  in 


our  understanding  of  the  early  molecular  events 
that  lead  to  type-1  immunity.  Although  down- 
regulation  of  CD40  ligand  expression  by  IFN-y 
and  soluble  CD40  occurs  within  24  hours  after 
viral  infection,  IL-12  is  detected  in  serum  over 
the  next  7  to  10  days  (8).  Our  experiments 
suggest  that  replacement  of  the  CD40L  signal 
by  Eta-1  may  potentiate  the  IL-12  response 
while  dampening  the  IL-10  activity  to  allow  full 
maturation  of  type-1  immunity,  as  judged  by 
cellular  responses  and  expression  of  down¬ 
stream  effector  cytokines  such  as  IFN-y.  The 
ability  of  an  antigen  to  induce  Eta-1  production 
a  er  T  cell  receptor  ligation  may  thus  determine 
the  ensuing  duration  and  intensity  of  type-1 


immune  responses.  Eta-1  imprinting  of  the  IL- 
12  and  1 L- 1 0  response  after  appropriate  peptide 
stimulation  (34)  may  also  increase  the  likeli¬ 
hood  of  autoimmune  sequelae  as  shown  here 
(Fig.  2),  through  pathways  that  do  not  invariably 
require  IFN-y  (35). 

Eta- 1 -dependent  regulation  of  two  early 
cytokine  checkpoints  that  dictate  develop¬ 
ment  of  type- 1  or  type-2  immunity  also  sug¬ 
gests  new  therapeutic  approaches  to  several 
diseases.  Eta-1  analogs  that  mediate  CD44- 
dependent  inhibition  of  IL-10  may  inhibit 
sepsis  in  bum  patients  (36),  and  Eta- 1  antag¬ 
onists  may  ameliorate  the  clinical  course  of 
bacterial  arthritis  (37).  Engineered  forms  of 
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Eta-1  (nM)  Hours  after  induction  Cytokine  expression  (pg/ml) 

Fig.  3.  Differential  regulation  of  macrophage  IL-12  and  IL-10  responses  by  purified  Eta-1.  (A) 
Dose-dependent  induction  of  IL-12  (open  circles),  but  not  IL-10  (solid  circles)  production,  from 
macrophages  by  Eta-1.  Resident  peritoneal  macrophages  obtained  from  C57BL/6  mice  (41)  were 
incubated  for  48  hours  (5  X  10s  macrophages  per  milliliter)  with  purified  Eta-1  (40),  and  IL-10  and 
IL-12  p70  concentrations  in  the  supernatant  were  determined  by  ELISA.  Assays  were  done  in 
quadruplets,  and  each  point  represents  the  mean  and  standard  error  (error  bars)  of  three 
independent  experiments.  (B)  Time  course  of  IL-12  (open  circles)  p70  and  IL-10  (solid  circles) 
expression  by  resident  peritoneal  macrophages  (5  X  105  macrophages  per  milliliter)  after  incuba¬ 
tion  with  5  nM  Eta-1  or  LPS  (30  ng/ml).  Assays  were  performed  in  quadruplets,  and  each  data  point 
represents  the  mean  and  standard  error  (error  bars)  of  two  independent  experiments.  (C)  Inhibitory 
effect  of  Eta-1  on  macrophage  IL-10  production.  Macrophages  were  activated  with  LPS  (30  ng/ml) 
for  1  hour  before  addition  of  Eta-1  (5  nM)  for  an  additional  48  hours  and  consecutive  measurement 
of  IL-12  and  IL-10  by  ELISA.  Assays  were  performed  in  quadruplets,  and  each  point  represents  the 
mean  and  standard  error  (error  bars)  of  two  independent  experiments. 


Fig.  4.  Regulation  of 
macrophage  IL-12  and 
IL-10  expression  by  dis¬ 
tinct  Eta-1  receptors. 
(A)  Secretion  of  IL-12 
by  macrophages  is  me¬ 
diated  by  a  10-kD  pep¬ 
tide  (NK10)  derived 
from  the  NH2-terminal 
fragment  of  Eta-1  (42) 
and  is  inhibited  by  a 
blocking  antibody  to 
integrin  P3  (1  jig/ml), 
but  is  unaffected  by 
antibody  to  CD44  (1 
p.g/ml).  Error  bars  in¬ 
dicate  1  SEM.  (B)  In¬ 
duction  of  IL-10  pro¬ 
duction  by  IL-4  (500 
U/ml)  in  the  presence 
or  absence  of  purified 
Eta-1  (5  nM)  and  the 
effects  of  antibodies 
to  CD44  [Km81  puri¬ 
fied  from  TIB241  (26)] 
and  the  p3  integrin 
(2C9.C2,  PharMingen) 
are  shown.  Error  bars 
indicate  1  SEM.  (C)  Pro¬ 
duction  of  IL-12  and  IL- 
10  in  response  to  Eta-1 
by  peritoneal  macro¬ 
phages  from  C57BL/6 
mice,  C57BL/6  mice 
that  are  deficient  in 


Cytokine  Expression  (pg/ml) 


CD44  gene  expression  (C57BL/6-CD44  1  ),  and  cells  from  C3H.HeJ  mice.  Mean  values  and  standard 
errors  (error  bars)  from  at  least  four  data  points  are  shown. 


Eta-1  that  imprint  type- 1  responses  after  im¬ 
munization  may  also  be  valuable  components 
of  viral  and  cancer  vaccines. 
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of  PVP  and  10  pg  of  Eta-1  and  purified  as  described 
below.  After  5  days,  mice  were  killed,  tissue  was  ex¬ 
tracted  for  histologic  analysis,  and  local  lymph  nodes 
were  obtained  for  cytokine  expression.  Samples  were 
fixed  in  10%  buffered  formalin  and  embedded  in  par¬ 
affin;  4-  to  5-pm  serial  sections  were  stained  with 
hematoxylin  and  eosin,  and  images  were  captured  with 
a  Sony  DXC-970MD  video  camera  and  Optima  5.2 
Histomorphometrjc  analysis  software. 

39.  S.  Ashkar  et  al.,  Biochem.  Biophys.  Res.  Comm.  191, 
126  (1993). 

40.  Recombinant  GST-Eta-1  fusion  protein  derived  from 
Escherichia  coti  was  digested  with  factor  Xa  and  purified 
by  affinity  chromatography  [$.  Ashkar,  M.  J.  Glimcher, 
R.  A.  Saavedra.  Biochem.  Biophys.  Res.  Commun.  194, 
274  (1993);  (39)].  Briefly,  native  Eta-1  was  isolated 


from  MC3T3E1  cells  or  Ar5v  T  cells  after  concentration 
in  PBS  using  a  Millipore  tangential  flow  system,  applied 
to  a  Millipore  LC100  equipped  with  a  DEAE-Memsep 
1000  cartridge,  and  developed  in  a  discontinuous  gra¬ 
dient  of  0  to  1  M  NaCl  in  phosphate  buffer  (pH  7.4). 
Eta-1-containing  fractions  were  pooled  (the  major 
Eta-1  peak  eluted  at  0.26  M  salt),  concentrated  by 
ultrafiltration,  chromatofocused  on  mono  P  columns 
(Pharmacia)  at  pH  8.2,  developed  with  polybuffer  74 
(Pharmacia),  and  eluted  from  monobeads  at  pH  4.6.  The 
eluted  protein  was  judged  to  be  pure  by  several  criteria, 
including  SDS  electrophoresis  and  amino  acid  sequence 
analysis  (NH2-terminal  and  internal  peptide  analysis). 
Mass  spectroscopic  analysis  revealed  a  peak  centered 
around  a  mass  of  35,400  daltons  that  was  highly  phos¬ 
phorylated  (1 1  mol  of  phosphate  per  1  mol  of  protein), 
O-glycosylated  but  not  N-glycosylated,  and  without 
measurable  sulfate. 

41,  Resident  peritoneal  macrophages  obtained  by  perito¬ 
neal  lavage  with  phosphate-buffered  saline  (PBS) 
were  treated  with  red  cell  lysis  buffer  and  incubated 
(10s  macrophages  per  100  p.1)  for  2  hours.  The  ad¬ 
herent  fraction  was  incubated  with  5  nM  Eta-1,  LPS 
(30  ng/ml),  or  recombinant  IL-4  (500  U/ml),  or  as 
indicated.  Supernatant  IL-10  or  IL-12  p70  was  as¬ 
sayed  with  commercial  ELISA  kits  (R&D  Systems, 
Minneapolis,  MN),  tested  for  viability  by  propidium 
iodide  (>98%).  and  stained  with  fluorescein-conju¬ 
gated  antibody  to  Mac-1  (>98%).  Blocking  antibody 
to  integrin  (33  was  from  PharMingen  [J.  F.  Schultz  and 
D.  R.  Armant  J.  Biot.  Chem.  270,  11522  (1995)],  and 


antibody  to  CD44,  KM81  (ATCC),  was  used  to  block 
the  interaction  between  CD44  and  Eta-1  (76). 

42.  Although  partial  tryptic,  chemotryptic,  or  Asp-N  en- 
dopeptidase  digestion  of  Eta-1  did  not  reveal  an 
active  peptide,  a  10-kD  fragment  isolated  from  a 
Lys-C  digest  [NH2-terminal  sequence  QETLPSN  (29)] 
was  active  and  predicted  to  terminate  at  the  throm¬ 
bin  cleavage  site.  This  10-kD  fragment  contained  ~5 
mol  of  phosphate  per  1  mol  of  peptide  at  seven 
potential  phosphorylation  sites. 
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Abstract  Cancer  is  characterized  by  dysregulated 
growth  control,  overcoming  of  replicative  senescence, 
and  metastasis  formation.  The  topology  of  cancer  spread 
is  mediated  by  a  set  of  developmentally  nonessential 
genes  which  are  physiologically  involved  in  stress  re¬ 
sponses,  inflammation,  wound  healing,  and  neovascular¬ 
ization.  The  function  of  these  gene  products  is  extensive¬ 
ly  modified  posttranscriptionally.  In  cancer,  metastasis 
genes  are  dysregulated  at  the  levels  of  expression  or 
splicing.  These  genes  constitute  a  unique  group  of  can¬ 
cer-related  biomolecules. 

Key  words  Cancer  *  Metastasis  *  Stress  response  • 
Posttranslational  modification  •  Knockout  mouse 


Introduction 

What  are  the  traits  that  make  a  killer?  This  question  has 
intrigued  not  only  fans  of  detective  stories  but  is  also 
most  prominent  in  the  minds  of  cancer  researchers.  Here 
the  characteristics  of  the  killer  are  dysregulated  growth 
control,  overcoming  of  replicative  senescence,  and  me¬ 
tastasis  formation.  The  division  of  normal  cells  is  tightly 
controlled  by  dependence  on  checkpoints,  which  are 
pauses  during  the  cell  cycle  in  which  the  fidelity  of  DNA 
replication  and  chromosome  segregation  are  monitored. 
It  is  regulated  by  proto-oncogenes,  incorporating  genes 
for  growth  factors,  their  receptors,  and  associated  intra¬ 
cellular  signal  transduction  molecules.  Antagonistic  to 
oncogenes  are  tumor  suppressor  genes  which  normally 
provide  the  brakes  on  cell  proliferation.  In  contrast,  can¬ 
cer  is  independent  of  these  control  mechanisms.  Even 
with  defective  growth  control,  however,  a  cell  could  nev¬ 
er  form  a  tumor  of  substantial  size  because,  unless  it 
were  a  germline  cell,  it  would  be  subject  to  replicative 
senescence,  an  aging  process  that  proceeds  with  the 
number  of  cell  divisions  and  in  extreme  cases  may  lead 
to  a  state  of  crisis.  A  unique  role  in  overcoming  replica¬ 
tive  senescence  is  played  by  the  enzyme  telomerase, 
which  is  expressed  in  virtually  all  tumor  cells  but  is  ab- 
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sent  from  most  normal  cells.  It  prevents  telomere  short¬ 
ening  with  increased  number  of  cell  divisions,  which 
would  eventually  cause  genomic  instability.  Mutator 
genes  which  encode  DNA  repair  enzymes  might  be  more 
accurately  referred  to  as  meta-oncogenes  because  their 
defects  give  rise  to  mutations  in  oncogenes  and  tumor 
suppressor  genes.  Finally,  most  cells,  with  the  exception 
of  blood  and  immune  cells,  grow  anchored  in  their  mi¬ 
croenvironment  whereas  cancer  cells  of  particular  tissue 
origin  metastasize  to  specific  target  organs.  The  ability 
of  cancer  to  disseminate  throughout  the  body  also  sets  it 
apart  from  benign  tumors.  However,  the  classical  cancer 
genes  conspicuously  do  not  account  for  metastasis  for¬ 
mation,  and  current  paradigms  of  cancer  have  not  yet  in¬ 
corporated  metastasis  genes  as  a  unique  group  of  genes 
that  contributes  to  the  malignant  phenotype. 


The  gene  products  of  stress  responses  mediate 
metastasis  formation:  lessons  from  knockout  mice 

The  topology  of  metastasis  formation  is  mediated  by  the 
potpourri  of  homing  receptors  on  the  tumor  cell  surface 
(Fig.  1)  and  their  ligands  and  is  widely  believed  to  have 
its  physiological  correlate  in  morphogenesis  during  em¬ 
bryonic  development.  This  would  imply  that  the  defi¬ 
ciency  of  individual  metastasis  genes  should  cause  de¬ 


fective  formation  of  the  relevant  target  organ.  Unexpect¬ 
edly,  knockout  mice  in  which  individual  genes  known  to 
participate  in  tumor  spread  were  disrupted  proved  to  be 
fertile  and  developmentally  normal  (Table  1).  This  raises 
the  question:  What  is  the  physiological  process  that  goes 
astray  in  cancer  dissemination? 

Despite  their  diversity,  metastasis-associated  gene  prod¬ 
ucts  have  several  features  in  common.  They  comprise  a  set 
of  genes  which  physiologically  mediate  stress  responses, 
including  inflammation,  wound  healing,  and  neovascular¬ 
ization.  Consistently  the  defects  observed  in  the  relevant 
gene  targeted  mice  are  impairments  in  these  areas.  This  in¬ 
sight  resolves  some  of  the  paradoxes  of  metastasis  re¬ 
search.  In  contrast  to  morphogenesis,  invasiveness  and  tis¬ 
sue  damage  are  in  keeping  with  the  normal  functions  of 
host  defenses  that  are  executed  by  macrophages  and  lym¬ 
phocytes  in  stress  situations.  Homing  to  and  expansion  in 
the  lymphoid  system,  typically  the  first  target  in  metastatic 
spread,  corroborate  the  notion  that  cancer  metastasis  is 
based  on  mechanisms  normally  employed  by  immunocytes 
[1].  Differentiation  of  immune  cells  proceeds  in  the  context 
of  their  tissue  of  residence,  and  lymphocytes  from  Peyer’s 
patches  are  therefore  distinct  from  cutaneous  lymphocytes, 
and  Kupffer  cells  are  distinct  from  alveolar  macrophages. 
Recognition  of  topology  is  encoded  in  the  surface  mole¬ 
cules  of  immune  cells,  and  organ  preference  by  cancer  may 
be  derived  from  this  principle. 


Table  1  Genes  that  mediate  cancer  spread  are  developmentally 
nonessential.  Cancer  dissemination  is  induced  by  a  group  of  hom¬ 
ing  receptors,  their  ligands,  and  proteinases  in  conjunction  with 
their  associated  signal  transduction  molecules.  These  gene  prod¬ 
ucts  do  not  play  a  critical  role  in  organ  development  or  fertility  but 
are  necessary  for  stress  responses.  Knockout  mice  have  been  gen¬ 
erated  for  multiple  metastasis  associated  genes  and  uniformly 
show  these  characteristics.  Various  integrins  have  also  been  linked 


to  metastasis  formation  but  most  integrin  gene  knockouts  display 
developmental  defects.  This  may  be  due  to  the  loss  of  multiple  re¬ 
ceptors  after  deletion  of  individual  integrin  genes.  Furthermore, 
some  intergin  gene  products  serve  dual  roles  in  stress  responses 
and  development  ( DTH  delayed  type  hypersensitivity,  MMP  ma¬ 
trix  metalloproteinase,  uPAR  receptor  for  urokinase-type  plasmi¬ 
nogen  activator) 


Gene 

Types  of  cancer 

Knockout  mouse 

Receptors 

uPAR 

Prostate  cancer,  breast  cancer  [24], 
gastric  carcinoma  [25],  brain  tumors  [26] 

Defect  in  leukocyte  recruitment 
and  adhesion  [8] 

CD44 

Lymphomas  [27],  sarcomas  [28], 
colon  cancer  [29],  breast  cancer  [30] 

Excessive  granuloma  formation  [9] 

L-selectin 

Lymphoma  [31] 

No  DTH  to  cutaneous  antigens  [10] 

LFA-1 

lymphoma  [32] 

Impaired  immune  response 
to  alloantigens  [11] 

ICAM-1 

Melanoma  [33],  lymphoma  [34], 
liver  carcinoma  [35] 

Granulocytosis,  diminished  DTH, 
impaired  neutrophil  homing  [12,  13] 

IAP  (CD47) 

Ovarian  cancer  [36] 

Impaired  granulocyte  activation  [14] 

Ligands 

Osteopontin 

Breast  cancer  [37],  osteosarcoma  [38] 

Defective  wound  healing,  absence  of  DTH  [15,  16] 

Thrombospondin- 1 

Breast  cancer  [39],  pancreas  cancer  [40] 

Susceptibility  to  pneumonia  [17] 

sE-selectin 

Gastric  cancer  [41],  breast  cancer  [42], 
head  and  neck  cancer  [43] 

reduced  stable  adhesion  of  Leukocytes 
in  inflamed  micro  vasculature  [18,  19] 

P-selectin 

Breast  cancer  [44],  colon  cancer  [45] 

Impaired  recruitment  of  immune  cells  [20] 

Proteinases 

Stromelysin-3  (MMP-3) 

Breast  cancer  [46] 

Impaired  wound  healing  [21] 

Matrilysin  (MMP-7) 

Colon  cancer  [47] 

Decreased  antimicrobial  activity, 

defective  reepithelialization  in  wounded  trachea  [22,  23] 

Macrophage  elastase 
(MMP- 12) 

Glioma  [48] 

Impaired  macrophage  recruitment  [21] 
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Fig.  1A,B  CD44  is  essential  for  metastasis  formation  by  osteosar¬ 
coma.  C57BL/6  mice  with  the  tml  point  mutation  of  the  p53  gene 
are  susceptible  to  osteosarcomas  which  disseminate  to  liver  and 
lungs.  Shown  here  are  a  primary  tumor  (A)  and  a  liver  metastasis 
(B).  After  disruption  of  both  alleles  of  the  CD44  gene  metastatic 
spread  is  almost  completely  abrogated  while  incidence  and  growth 
rate  of  osteosarcomas  are  unaffected  (Weber  et  al.,  manuscript  in 
preparation) 


The  biological  activity  of  metastasis-mediating  gene 
products  is  extensively  regulated  by  posttranscriptional 
mechanisms.  Collagenases  are  typically  secreted  as  pre¬ 
cursors  whose  activation  requires  proteolytic  cleavage; 
collagenase  type  IV  becomes  active  after  cleavage  by 
stromelysin  while  prostromelysin  and  interstitial  procol- 
lagenase  are  activated  by  plasmin.  Ligands  for  homing 
receptors  often  contain  multiple  domains.  The  heparin¬ 
binding  amino-terminus  of  thrombospondin  stimulates 
chemotaxis  while  the  carboxy-terminus  mediates  hapto- 
taxis  in  an  RGD-inhibitable  fashion.  Comparably,  a  pre¬ 
requisite  for  the  interaction  of  the  N-terminal  osteopon- 
tin  domain  with  integrin  receptors  is  phosphorylation  of 
the  cytokine  while  the  C-terminal  domain  engages  vari¬ 
ant  CD44  by  protein-protein  interaction.  The  gene  for 
the  homing  receptor  CD44  contains  ten  variant  exons 
that  can  be  spliced  into  the  extracellular  domain  and  de¬ 
termine  its  engagement  of  various  ligands.  Differential 
effects  on  binding  to  extracellular  matrix  and  hyaluro- 
nate  also  depend  on  the  glycosylation  and  sulfation  sta¬ 


tus  of  CD44.  Posttranscriptional  modification  of  function 
of  these  molecules  may  be  beneficial  in  two  ways.  Acti¬ 
vation  by  mechanisms  such  as  proteolytic  cleavage  and 
phosphorylation  can  be  accomplished  quickly  in  stress 
situations;  some  of  the  precursor  molecules  are  widely 
expressed  and  can  acutely  be  converted  at  a  site  of  dam¬ 
age.  Also,  diversity  in  structure  may  encode  organ  speci¬ 
ficity  in  homing  and  metastasis  formation  (a  “postal 
code”  of  sorts).  In  clinical  diagnosis,  tumors  that  grow  in 
a  locally  invasive  manner  but  do  not  form  distal  metas- 
tases,  including  cases  of  basalioma,  glioblastoma,  chon¬ 
drosarcoma,  and  myelomonocytic  leukemia,  are  often  re¬ 
ferred  to  as  semimalignant.  The  molecular  mechanisms 
of  local  invasion,  however,  are  distinct  from  convention¬ 
al  forms  of  cancer  only  insofar  as  their  target  tissues  are 
identical  to  the  tissues  of  origin. 

In  conclusion,  the  topology  of  cancer  spread  is  regu¬ 
lated  by  a  set  of  developmental^  nonessential  genes  that 
physiologically  mediate  inflammation,  wound  healing, 
and  neovascularization.  The  function  of  their  products  is 
extensively  regulated  posttranscriptionally.  The  entity  of 
these  genes  encodes  the  repertoire  of  stress  responses 
which  are  predominantly  executed  by  macrophages  and 
lymphocytes.  Metastasis-associated  gene  products  there¬ 
fore  constitute  a  unique  and  essential  group  of  cancer  re¬ 
lated  biomolecules  whose  functions  are  distinct  from 
those  of  growth  control  or  senescence  genes. 


Regulation  and  dysregulation  of  metastasis  genes 

As  in  the  case  of  yin  and  yang,  phenomena  in  biology 
typically  have  a  counterbalance.  This  also  holds  true  for 
the  regulation  of  cell  dissemination.  While  tumor  sup¬ 
pressor  genes  inhibit  cell  cycle  progression  and  serve  as 
antagonists  for  oncogenes,  the  genes  that  mediate  meta¬ 
static  spread  are  balanced  by  metastasis  suppressor 
genes.  The  derived  gene  products  typically  are  adhesion 
molecules  that  procure  cell  anchorage  and  inhibit  migra¬ 
tion.  Expression  of  L-CAM  is  inversely  correlated  with 
the  metastatic  potential  of  various  tumor  cell  lines.  Loss 
of  cadherin  expression  in  squamous  cell  carcinomas  of 
the  head  and  neck,  prostate  cancer,  and  cancers  of  the  fe¬ 
male  reproductive  tract  is  associated  with  poor  differen¬ 
tiation  and  high  invasiveness.  E-cadherin  can  prevent  the 
invasive  phenotype  in  T-lymphoma  cells.  Proteinases 
also  have  their  antagonists.  Tissue  inhibitors  of  metallo- 
proteinases  negatively  regulate  invasion.  Their  overex¬ 
pression  reduces  metastatic  potential  whereas  antisense 
RNA  enhances  the  malignant  phenotype. 

It  could  be  argued  that  metastasis-associated  genes 
are  not,  in  strict  terms,  cancer  genes  because  mutations 
in  them  have  not  been  linked  to  the  risk  of  contracting 
cancer.  While  it  is  true  that  these  genes  have  not  yet  been 
observed  to  be  mutated  in  malignancies  as  in  the  case  of 
the  classical  oncogenes  (frequently  through  point  muta¬ 
tions,  deletions,  frame  shifts,  or  translocations),  they  are 
subject  to  dysregulation.  A  case  in  point  is  the  expres¬ 
sion  of  ICAM-1  on  melanoma  cells,  which  is  an  indica- 
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tor  of  poor  prognosis.  Similarly,  the  homing  receptor 
CD44  is  often  expressed  on  cancer  cells  but  not  at  all  on 
their  benign  precursors.  Alternatively,  cancer  cells  may 
display  splice  variants  of  this  receptor  which  are  not  de¬ 
tected  on  their  nontransformed  counterparts.  Therefore 
aberration  of  genes  for  cancer  spread  occurs  frequently 
at  the  level  of  transcription  or  splicing.  Without  this  dys- 
regulation  of  gene  expression  tumors  could  not  become 
malignant. 


Metastasis  genes  and  classical  cancer  genes: 
the  big  picture 

Even  though  uncontrolled  growth  does  not  inevitably 
lead  to  metastatic  spread,  consistent  patterns  of  organ 
preference  by  cancers  of  particular  tissue  origin  suggest 
that  there  is  a  necessary  connection  between  mutations 
of  oncogenes  or  tumor  suppressor  genes  and  the  expres¬ 
sion  of  genes  that  mediate  tumor  dissemination.  The  mo¬ 
lecular  basis  for  this  connection  is  currently  largely  un¬ 
known.  Expression  of  metastasis-specific  splice  variants 
of  CD44  and  the  oncogene  ras  are  connected  in  an  auto- 
catalytic  mode  in  which  ras  induces  promoter  activity 
for  CD44  through  an  AP-1  binding  site  while  transfec¬ 
tion  of  CD44v  enhances  the  expression  of  ras .  This  mu¬ 
tual  induction  may  contribute  to  the  perpetuation  of  cell 
division  and  spreading  which  are  characteristic  of  malig¬ 
nancy.  Motility-associated  cytokines,  including  type  IV 
collagenases  and  osteopontin,  can  also  be  induced  by  ras 
and  similar  relationships  may  apply  for  other  oncogenes, 
including  \-mos ,  v-ra/,  v-fes,  and  v-src  [2]. 

Recent  research  has  identified  the  genes  that  underlie 
the  three  phenotypic  characteristics  of  cancer  and  has  al¬ 
lowed  a  distinction  between  malignant  and  benign  tu¬ 
mors  at  the  molecular  level.  Only  tumors  in  which  the 
dysregulation  of  growth  is  associated  with  expression  of 
genes  whose  products  mediate  dissemination  become 
malignant.  This  attributes  a  central  role  in  carcinogenesis 
to  metastasis  genes  and  metastasis  suppressor  genes.  The 
definition  of  molecules  that  are  rarely  expressed  in  the 
healthy  adult  organism  has  given  rise  to  the  potential 
emergence  of  new  drug  targets.  Among  them  are  telom- 
erase,  structurally  altered  oncogene  products  such  as  fu¬ 
sion  proteins  or  mutants,  and  also  some  of  the  stress  re¬ 
sponse  molecules  that  mediate  metastasis  formation. 
Prominently,  blocking  the  integrin  av(33,  which  is  essen¬ 
tial  for  tumor  angiogenesis,  has  been  successful  in  sever¬ 
al  experimental  systems  [3,  4].  Likewise,  splice  variants 
of  CD44  that  mediate  dissemination  of  multiple  cancers 
and  are  physiologically  expressed  on  immune  cells  only 
after  antigenic  challenge  have  been  targeted  in  experi¬ 
mental  therapy  with  promising  results  [5,  6,  7].  Such 
progress  provides  the  opportunity  for  a  more  successful 
broad  attack  on  the  cancer  epidemic.  As  the  profile  of 
the  killer  becomes  more  refined  the  prospect  for  its  con¬ 
tainment  improves. 
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ABSTRACT:  Cancer  is  characterized  by  dysregulated  growth 
control,  overcoming  of  replicative  senescence,  and  metastasis 
formation.  Tumor  dissemination  distinguishes  malignant  from 
benign  neoplasms  and  is  mediated  by  homing  receptors,  their 
ligands,  and  proteinases.  The  homing  receptor  CD44  is  fre¬ 
quently  expressed  on  primary  brain  tumors  and  brain  metasta- 
ses.  Its  engagement  by  osteopontin  physiologically  induces 
macrophage  chemotaxis,  a  mechanism  that  may  be  utilized  by 
metastatic  brain  tumors  in  the  process  of  dissemination.  In  host 
defense,  osteopontin  and  its  receptors,  CD44  and  integrin  avj53, 
play  key  roles  in  mediating  delayed  type  hypersensitivity  re¬ 
sponses  by  activating  macrophages  to  induce  Thl  cytokines 
while  inhibiting  Th2  cytokines.  Other  metastasis  associated 
gene  products  similarly  contribute  to  host  defenses.  Hence, 
cancer  spread  is  regulated  by  a  set  of  developmental^  non- 
essential  genes  which  physiologically  mediate  stress  re¬ 
sponses,  inflammation,  wound  healing,  and  neovascularization. 
Function  of  the  relevant  gene  products  is  extensively  modified 
post-transcriptionally  and  their  dysregulation  in  cancer  occurs 
on  the  levels  of  expression  and  splicing.  Consistent  patterns  of 
organ  preference  by  malignancies  of  particular  tissue  origin 
suggest  a  necessary  connection  between  loss  of  growth  con¬ 
trol  and  senescence  genes  and  expression  of  genes  mediating 
the  dissemination  of  tumor  cells.  ©  2000  Elsevier  Science  Inc. 

KEY  WORDS:  Invasion,  Homing  receptors,  Cytokines,  Protein¬ 
ases,  Stress  response. 


MOLECULAR  CHARACTERISTICS  OF  CANCER 

The  most  prominent  feature  of  malignancy  is  dysregulated  cell 
cycle  progression.  Division  of  cancer  cells  leads  to  formation  of 
more  cancer  cells  indicating  that  the  characteristics  of  transforma¬ 
tion  originate  in  genetic  changes.  The  underlying  defects  causing 
uncontrolled  proliferation  are  gain  of  function  mutations  in  onco¬ 
genes  or  loss  of  function  mutations  in  tumor  suppressor  genes. 
However,  most  somatic  cells,  with  few  exceptions  such  as  stem 
cells,  die  after  a  finite  number  of  cell  divisions,  a  phenomenon 
described  as  senescence.  Replicative  senescence  begins  after  fer¬ 
tilization  and  is  genetically  dominantly  controlled.  For  cancer  to 
occur,  there  must  be  a  loss  of  function  in  senescence  genes  or  a 


gain  of  function  in  telomerase  to  give  rise  to  a  largely  unlimited 
number  of  cell  divisions.  Finally,  cancer  is  distinguished  from 
benign  tumors  by  its  faculty  to  generate  metastases.  In  contrast  to 
earlier  models,  metastasis  formation  is  a  process  of  active  cell 
migration  and  invasion  rather  than  the  passive  dyslocation  of  cells 
in  the  blood  or  lymph  flow.  Whether  a  neoplasm  metastasizes  and 
to  which  target  organs  is  determined  by  motility  associated  mol¬ 
ecules  expressed  by  the  tumor  cells. 

INVASIVENESS  OF  BRAIN  TUMORS 

The  brain  is  unique  as  a  target  organ  for  metastatic  growth 
because  it  is  surrounded  by  the  blood — brain  barrier  and  it  lacks 
lymphatic  drainage.  Nevertheless,  certain  malignancies  display  a 
preference  for  dissemination  to  the  central  nervous  system  (CNS). 
Brain  metastases  from  colon  and  breast  cancers  are  often  single, 
whereas  melanoma  and  lung  cancer  have  a  greater  tendency  to 
produce  multiple  colonies.  At  autopsy,  up  to  80%  of  melanoma 
patients  have  CNS  lesions  [20].  Invasion  of  brain  cancer  cells 
typically  proceeds  along  anatomic  structures  that  are  rich  in  ex¬ 
tracellular  matrix  proteins,  including  basement  membranes  of 
blood  vessels  and  the  glial  limitans  externa  [4]  and  has  been 
attributed  to  specific  motility-associated  receptors,  their  ligands 
and  proteinases  [6]  (Table  1).  Specifically,  the  homing  receptor 
CD44  is  frequently  expressed  on  primary  brain  tumors  and  brain 
metastases  [10,12,15].  Its  ligand  osteopontin  has  also  been  de¬ 
scribed  to  be  secreted  by  malignant  gliomas  [5,16,22]. 

THE  PHYSIOLOGIC  ROLES  OF  METASTASIS  GENES 

To  understand  the  process  of  metastasis  formation  we  have 
studied  the  physiologic  importance  of  the  relevant  gene  products. 
We  have  investigated  the  cytokine  osteopontin  and  its  receptor 
CD44  [25-27].  The  engagement  of  CD44  by  osteopontin  induces 
macrophage  chemotaxis,  a  process  that  may  be  utilized  by  meta¬ 
static  brain  tumors  in  the  process  of  dissemination  [26].  Gene- 
targeted  mice  deficient  in  osteopontin  or  CD44  are  fertile  and 
developmentally  normal,  a  trait  that  is  shared  by  other  knockouts 
for  genes  that  are  believed  to  be  important  in  metastatic  spread. 
Several  observations  implied  that  osteopontin  may  act  as  a  stress 
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TABLE  1 

METASTASIS-MEDIATING  MOLECULES  IN  BRAIN  TUMORS 


Tumor 

Cytokines 

Receptors 

Proteinases 

Primary  brain  tumors 

Glioblastoma 

Urokinase  plasminogen  activator,  interleukin-8, 
osteopontin 

CD44 

Gelatinase-B,  active 
Gelatinase-A,  Cathepsin  L 

Astrocytoma 

Medulloblastoma 

Hepatocyte  growth  factor/scatter  factor, 
interleukin-8 

c-Met 

polysialylated  NCAM 

MT1-MMP,  MT2-MMP 

Metastatic  brain  tumors 

Melanoma 

Lung  cancer 

Urokinase  plasminogen  activator 

Neurotrophin  receptor 

Heparanasc 

Breast  cancer 

Prostate  cancer 

Renal  cancer 

Urokinase  plasminogen  activator 

Interleukin-6  receptor.  CD44 
Insulin-like  growth  factor  receptor 
Interleukin-6  receptor 

Specific  receptors,  ligands  (migration  inducing  cytokines),  and  proteinases  have  been  associated  with  the  invasive  behavior  of  individual  primary  and 
metastatic  brain  tumors.  MMP,  matrix  metalloproteinase. 


response  gene:  (1)  the  osteopontin  promoter  contains  an  acute 
phase  responsive  element  [9]  and  a  phorbol  ester  responsive  ele¬ 
ment  to  which  the  redox  sensitive  transcription  factors  Jun  and  Fos 
may  bind  [13],  (2)  osteopontin  expression  by  T-lymphocytes, 
macrophages,  and  osteoclasts  does  not  occur  at  rest  but  is  activa¬ 
tion  dependent  and  is  associated  with  host  resistance  [13],  (3) 


osteopontin  exerts  anti-oxidant  effects  and  prevents  cell  damage  in 
response  to  a  large  number  of  noxious  influences  [23],  (4)  the 
osteopontin  gene  knockout  results  in  defective  wound  healing  [11]. 
In  host  defense,  CD44  and  its  ligand  osteopontin  play  a  key  role  in 
mediating  delayed  type  hypersensitivity  responses  by  skewing  the 
pattern  of  cytokines  secreted  from  macrophages  to  favor  the  in- 


FIG.  1.  Absence  of  a  delayed  type  hypersensitivity  response  in  mice  lacking  the  osteopontin  gene.  250  p,g 
polyvinyl  pyrrolidone  (PVP)  in  500  pi  phosphate-buffered  saline  (PBS)  was  injected  subcutaneously  into  the 
hind  limb  of  C57BL/6  wildtype  mice  or  gene  targeted  C57BL/6  OPN-/~  mice  which  do  not  express  the 
osteopontin  gene  product.  After  5  days,  histologic  analysis  of  the  injection  site  was  performed;  5-pm  serial 
sections  were  stained  with  hematoxilin-eosin  stain.  (A)  Injection  of  PVP  into  C57BL/6;  (B)  injection  of  PBS 
(vehicle  control)  into  C57BL/6;  (C)  injection  of  PVP  into  C57BL/6  OPN-/“  and  (D)  injection  of  PVP  in 
conjunction  with  10  pg  purified  osteopontin  into  C57BL/6  OPN_/_.  Original  magnification  200 X. 
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TABLE  2 

GENES  ASSOCIATED  WITH  MALIGNANCIES 


Genes 

Function 

Examples 

Oncogenes 

Growth  factors 

EGF,  PDGF 

Growth  factor  receptors 

HER-2,  erb-B 

Signal  transduction  molecules  associated  with  growth  factor 
receptors 

Akt,  Abl,  Ras 

Tumor  suppressor  genes 

Receptors 

DCC,PTC 

Signal  transduction  molecules 

p53,  Rb,APC 

Senescence  genes 

Cell  cycle  regulators 

p53,Rb,p21,Fos 

Senescence  suppressor  genes 

Regulators  of  telomere  length 

Telomerase 

Metastasis  genes 

Homing  receptors  and  their  ligands 

CD44,  selectins,  osteopontin 

Proteinases 

MMPs 

Metastasis  suppressor  genes 

Adhesion  receptors 

cadherins,  L-CAM,  KAI1 

Proteinase  inhibitors 

TIMPs 

Mutator  genes 

Mismatch  repair 

MSH,  PMS 

Base  excission  repair 

Uracil  DNA  glycosylase 

Nucleotide  excission  repair 

ERCC 

Repair  of  double  strand  breaks 

XRCC,RAD50,NSB  1 

The  classical  cancer  genes  (oncogones  and  tumor  suppressor  genes)  control  cell  replication.  For  cancer  to  occur,  additional  functions  need  to  be 
dysregulated:  genes  that  cause  cellular  senescence  have  to  be  inactivated  and  expression  of  gene  products  that  mediate  metastasis  formation  is  essential. 
For  cell  cycle  progression  and  cell  dissemination  alike,  there  is  a  physiologic  balance  that  may  be  disturbed  by  excessive  activity  of  promoters  or  by 
diminished  function  of  suppressors.  Defects  in  mutator  genes  give  rise  to  alterations  in  other  cancer-associated  genes  putting  mutator  genes  into  the  position 
of  predisposing  factors  rather  than  direct  contributors  to  the  malignant  phenotype. 


duction  of  cellular  immunity  and  to  suppress  humoral  immunity. 
The  interaction  of  osteopontin  with  its  integrin  receptor  avj83  on 
macrophages  stimulates  the  production  of  Thl  cytokines  while 
engagement  of  CD44  by  osteopontin  concomitantly  inhibits  the 
secretion  of  Th2  cytokines  [2].  A  classical  model  of  delayed  type 
hypersensitivity  is  granuloma  formation.  Foreign  body  granulomas 
can  be  induced  by  subcutaneous  injection  of  polyvinyl  pyrroli- 
done.  After  5  days,  control  mice  display  pronounced  influx  of 
macrophages  and  a  strong  local  immune  response.  In  contrast, 
mice  lacking  the  osteopontin  gene  due  to  targeted  mutation  barely 
show  any  immunological  reaction  to  the  injection  (Fig.  1).  In 
contrast,  mice  lacking  the  CD44  gene  display  excessive  granuloma 
formation  following  challenge  [17]  which  may  reflect  combined 
Thl  and  Th2  immunity  after  engagement  of  integrin  receptors  by 
osteopontin  in  the  absence  of  ligation  of  CD44. 

Preliminary  experiments  have  suggested  that  CD4+  T-cells 
secrete  the  osteopontin  that  induces  macrophages  to  selectively 
promote  delayed  type  immune  responses.  The  observation  that 
macrophages  may  themselves  produce  osteopontin  after  stimula¬ 
tion  with  lipopolysaccharide  raises  questions  regarding  its  poten¬ 
tial  relevance  to  this  process.  Macrophage-derived  osteopontin  is 
competent  for  inducing  chemotaxis  but  not  delayed  type  hyper¬ 
sensitivity  which  may  reflect  structural  differences  from  the  T-cell 
secreted  molecule.  In  fact,  macrophage  osteopontin  has  lost  part  of 
its  sequence  by  alternative  splicing  [Ashkar  and  Weber,  unpub¬ 
lished  observations]  which  could  lead  to  efficient  engagement  of 
CD44  with  ensuing  chemotaxis  but  to  impaired  ligation  of  integrin 
receptors.  Malignant  cells  often  secrete  a  form  of  osteopontin  that 
resembles  the  macrophage-derived  protein  in  that  it  may  be  hypo- 
phosphorylated  or  a  splice  variant  that  has  a  deletion  in  its  N- 


terminal  (integrin  binding)  portion  [8]  and  this  molecule  may 
contribute  to  metastatic  spread  [25]  by  inducing  tumor  cell  migra¬ 
tion.  Concomitantly,  tumor-derived  modified  osteopontin  may  li¬ 
gate  CD44  on  macrophages  without  engagement  of  its  integrin 
receptors  [19].  This  leads  to  suppression  of  Th2  cytokines  while 
Thl  cytokines  cannot  be  efficiently  secreted  since  other  physio¬ 
logic  inducers  of  Thl  cytokines  are  substantially  less  potent.  This 
form  of  osteopontin  action  may  represent  a  mechanism  of  immune 
evasion. 

Tumor  dissemination  depends  on  neovascularization.  Physio¬ 
logically,  blood  vessel  formation  may  be  initiated  in  two  settings. 
The  modeling  of  the  cardiovascular  system  is  largely  restricted  to 
early  development,  while  in  the  healthy  adult  organism,  angiogen¬ 
esis  is  a  rare  occurrence  that  arises  predominantly  in  healing  after 
tissue  damage.  Morphogenic  and  stress  induced  blood  vessel  gen¬ 
eration  are  mediated  by  distinct  sets  of  genes.  Several  pieces  of 
evidence  imply  a  role  for  osteopontin  and  its  receptors  in  the  latter 
form  of  neovascularization.  A  splice  variant  of  CD44  is  involved 
in  endothelial  cell  proliferation,  migration,  and  angiogenesis  [7, 
21].  The  integrin  av/33  is  of  particular  importance  in  angiogenesis 
due  to  its  selective  expression  on  growing  blood  vessels.  Antago¬ 
nists  of  integrin  avj83  promote  tumor  regression  by  inhibiting 
neovascularization  [1,3]  and  angiogenesis  induced  by  bFGF  or  by 
TNFa  is  also  inhibitable  by  a  monoclonal  antibody  to  the  integrin 
avj33.  Coordinate  expression  of  j33-integrins  and  osteopontin  by 
regenerating  endothelial  cells  [11]  and  during  in  vitro  blood  vessel 
formation  [14]  stimulates  migration  through  cooperative  mecha¬ 
nisms  involving  activation  of  integrin  av/33  ligation  by  thrombin 
cleavage  of  osteopontin  [18]. 
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CONCLUSIONS 

We  conclude,  based  on  our  own  observations  in  conjunction 
with  data  from  the  literature,  that  the  topology  of  cancer  spread  is 
regulated  by  a  set  of  developmentally  non-essential  genes  which 
physiologically  mediate  stress  responses,  inflammation,  wound 
healing,  and  neovascularization  and  are  normally  expressed  by 
activated  lymphocytes  and  macrophages  [24].  Function  of  the 
relevant  gene  products  is  extensively  modified  post-transcription- 
ally  which  allows  for  quick  activation  in  stress  situations  and  may 
encode  organ  specificity.  This  code  for  targets  in  the  homing 
process  may  cause  dissemination  to  distant  organs,  such  as  brain 
metastases  in  melanoma  or  lung  cancer,  or  it  may  lead  to  locally 
invasive  growth  as  is  the  case  in  malignant  glioma  or  in  chondro¬ 
sarcoma.  In  both  scenarios,  locally  destructive  growth  by  malig¬ 
nant  glioma  and  brain  metastases  from  distant  primary  tumors,  the 
mechanism  of  invasion  is  determined  by  engagement  of  molecules 
that  are  physiologically  used  by  macrophages  and  lymphocytes  to 
enter  the  central  nervous  system  in  the  context  of  host  defenses, 
including  infection,  inflammation,  or  ischemia. 

Indicative  of  basic  mechanisms  of  homeostasis  in  human  biol¬ 
ogy,  all  groups  of  genes  involved  in  malignancies  consist  of 
promoting  and  suppressing  components.  Loss  of  function  in  one 
group  or  gain  of  function  in  the  counterbalancing  group  may  each 
affect  the  balance  of  forces  and  constitute  a  predisposing  factor  for 
malignant  growth.  Thus,  mutations  that  enhance  the  function  of 
oncogenes  and  mutations  that  inhibit  the  function  of  tumor  sup¬ 
pressor  genes  equally  pose  a  risk  for  uncontrolled  growth  of  the 
affected  cells  and  similar  relationships  hold  for  senescence  genes 
and  metastasis  genes  and  their  respective  suppressors  (Table  2). 
Furthermore,  consistent  patterns  of  organ  preference  by  cancers  of 
particular  tissue  origin  suggest  that  there  is  a  necessary  connection 
among  dysregulated  cell  cycle  control  genes  (gain  of  function  of 
oncogenes  or  loss  of  function  of  tumor  suppressor  genes),  sup¬ 
pression  of  senescence  genes,  and  expression  of  genes  mediating 
the  dissemination  of  tumor  cells.  Today,  the  molecular  basis  for 
this  connection  is  largely  unknown. 
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Although  ligation  of  the  T-cell  antigen  receptor  (TCR) 
is  central  to  the  responsiveness  and  antigen  specificity 
of  T-cells,  it  is  insufficient  to  elicit  a  response.  To  deter¬ 
mine  whether  the  need  for  costimulation  reflects  inade¬ 
quate  strength  of  signal  transduction  through  the  TCR 
or  an  absolute  block  of  signaling  in  the  absence  of  a 
coligand,  we  studied  T-cell  activation  under  serum-free 
conditions  eliminating  costimulation  by  various  extra¬ 
cellular  matrix  proteins  which  otherwise  have  an  omni¬ 
present  and  frequently  overlooked  effect.  Engagement 
of  the  TCR  leads  to  induction  of  Fas,  but  not  to  measur¬ 
able  IL-2  secretion  or  apoptosis.  Those  activation  param¬ 
eters  are  induced  by  costimulation  through  integrin 
avps.  Furthermore,  T-cell  survival  or  elimination  is  de¬ 
termined  by  the  type  of  ligand  binding  to  this  coreceptor 
with  vitronectin,  fibronectin,  and  fibrinogen  efficiently 
inducing  apoptosis  and  IL-2  production  while  osteopon- 
tin  and  entactin  mediate  IL-2  secretion  comparably 
without  causing  programmed  cell  death.  Consistent 
with  the  cytokine  properties  of  these  ligands,  differen¬ 
tial  costimulation  depends  on  their  presentation  in  sol¬ 
uble  rather  than  immobilized  form.  The  determination 
of  elimination  versus  survival  of  activated  T-cells  by  co¬ 
ligation  of  /33-integrins  may  have  bearing  on  the  funda¬ 
mental  postthymic  mechanisms  that  shape  the  T-cell 
repertoire.  ©  2001  Academic  Press 

Key  Words:  T-cell;  costimulation;  integrin;  extracel¬ 
lular  matrix  protein;  vitronectin;  osteopontin;  apopto¬ 
sis;  interleukin-2. 

|  INTRODUCTION 

l  Cognate  ligation  of  the  T-cell  antigen  receptor  (TCR) 
V  is  an  essential  prerequisite  for  specific  T-lymphocyte- 
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dependent  immunity;  however,  a  contributing  role  of 
costimulatory  molecules  to  T-cell  responsiveness  has 
been  increasingly  recognized.  Two  hypotheses  can  be 
put  forward  regarding  the  effect  of  costimulation:  1) 
The  conventional  strength  of  signal  paradigm  proposes 
that  signaling  through  the  T-cell  antigen  receptor  can 
be  enhanced  by  costimuli,  but  that  strong  enough  en¬ 
gagement  of  the  T-cell  antigen  receptor  would  be  trans¬ 
duced  to  the  nucleus  (1).  Ligation  of  the  T-cell  antigen 
receptor  by  an  antigen  with  high  affinity  or  at  a  high 
dose  can  mediate  independence  of  costimulation  (2). 
This  model  is  weakened  by  observations  that  late  sig¬ 
nals  and  secondary  signals  may  have  costimulatory 
characteristics  even  though  they  have  little  to  do  with 
the  strength  of  the  signal  transduction  through  the 
TCR.  Coligation  of  CD4  converges  with  the  TCR-asso- 
ciated  signal  very  proximally  while  the  convergence  of 
CD28  signal  transduction  with  the  TCR  is  more  distal. 
A  prerequisite  for  Fas-dependent  apoptosis  is  the  ex¬ 
pression  of  FasL  following  TCR  ligation  so  that  this 
mode  of  programmed  cell  death  constitutes  a  delayed, 
secondary  signal.  2)  Alternatively,  costimulation  may 
overcome  blocks  in  signal  transduction,  which  would 
otherwise  prevent  efficient  T-cell  activation.  Costimu¬ 
lation  through  CD28  may  vary  according  to  expression 
levels  of  B  7  on  antigen-presenting  cells  or  according  to 
presentation  of  B7-1  or  B7-2  and  can  result  in  marked 
differences  in  the  type  of  T-cell  responses  induced 
(3,  4).  Nevertheless,  the  existence  of  costimulation-de¬ 
pendent  checkpoints  in  T-cell  signal  transduction  has 
not  been  demonstrated. 

Effective  T-cell  costimulation  can  be  transduced 
through  integrins  and  may  occur  in  the  absence  of 
CD28  (5),  implying  an  important  role  for  integrin-as- 
sociated  signals  in  T-cell  activation.  Some  studies  have 
found  integrins  to  only  facilitate  T-cell  activation  by 
lowering  an  activation  threshold  without  qualitatively 
changing  the  T-cell  response  (6,  7).  It  was  suggested 
that  CDlla/CD18  is  important  in  initial  contact  be¬ 
tween  T-cells  and  antigen-presenting  cells  and  in 
strengthening  this  interaction.  In  other  investigations, 


0008-8749/01  $35.00 

Copyright  ©  2001  by  Academic  Press 

All  rights  of  reproduction  in  any  form  reserved. 


30 


DIFFERENTIAL  T-CELL  COSTIMULATION 


31 


however,  integrin-dependent  costimulation  was  char¬ 
acterized  as  essential  for  the  prevention  of  pro¬ 
grammed  cell  death  (8,  9)  or  for  overcoming  unrespon¬ 
siveness  (10,  11).  Divergent  observations  and  interpre¬ 
tations  of  integrin  contributions  to  T-cell  activation 
may  have  been  caused  by  failure  to  consider  differen¬ 
tial  effects  by  various  ligands  on  T-cell  costimulation 
through  integrins. 

In  the  past,  costimulation  experiments  have  typi¬ 
cally  been  performed  in  serum-containing  medium  so 
that  ligation  of  integrin  receptors  by  serum  compo¬ 
nents  has  always  been  present  and  has  affected  the 
assessment  of  T-cell  activation.  Furthermore,  costimu¬ 
lation  in  T-cell  activation  has  been  investigated  mostly 
with  regard  to  proliferation  and  interleukin-2  secretion 
(12).  The  contribution  of  accessory  signals  to  other 
readouts  of  T-cell  stimulation,  including  apoptosis,  is 
insufficiently  understood.  Specifically,  it  is  unknown 
whether  there  is  a  segregation  of  functions  among  spe¬ 
cific  costimuli,  some  of  which  lead  to  proliferation  and 
cytokine  secretion  and  others  to  programmed  cell 
death.  We  addressed  these  questions  by  analyzing  T- 
cell  responses  to  ligation  of  CD3  in  conditioned  medium 
that  avoids  inadvertent  addition  of  coligands  contained 
in  fetal  calf  serum. 

MATERIALS  AND  METHODS 

Cells.  The  AF3.G7  hybridoma  was  generated  by 
fusing  cow  insulin  immune  C57BL/6  lymph  node  cells 
with  the  BW5147  thymoma  line  (13).  It  was  shown  by 
flow  cytometry  to  be  positive  for  CD3,  CD4,  CD44,  and 
CD51/CD61  (integrin  avfi3).  The  cells  were  maintained 
in  DMEM  (Sigma,  St. Louis,  MO)  supplemented  with 
10%  fetal  bovine  serum  (FBS),  L-glutamine,  Hepes,  and 
50  /I M  2-mercaptoethanol.  To  eliminate  cell-line-spe- 
cific  nonphysiologic  effects,  a  second  hybridoma, 
BC.C10,  that  had  been  derived  from  fusion  of  BC.4 
cells  with  BW5147,  bears  H-2b,  and  expresses  TCR 
V^,  was  used  for  independent  confirmation  of  the  re¬ 
sults  in  a  second  cell  line.  S49.33  (ATCC  cell  line  TIB 
35)  and  AKR1.1  (ATCC  cell  line  TIB  232)  are  CD3  + 
T-cell  lines  negative  for  integrin  av/33. 

Peripheral  CD4+  T-cells  were  obtained  from  lymph 
nodes  of  C57B1/6  mice  by  negative  selection  with  Dyna- 
beads  coated  with  anti-CD8  and  anti-CD45R  (B220) 
antibodies.  The  cells  were  stimulated  at  1  X  106/ml 
with  2  jag/ml  concanavalin  A  for  3  days  and  expanded 
in  culture  at  a  density  of  0.5  X  106  cells/ml  with  10 
U/ml  IL-2  for  4  consecutive  days.  After  confirmation  of 
high-level  expression  of  the  relevant  surface  markers 
CD3,  CD4,  integrin  av,  and  integrin  j33,  the  cells  were 
used  for  stimulation  experiments. 

Antibody  crosslinking  and  cell  activation.  Anti¬ 
mouse  CD3  antibody  145.2C11  (Pharmingen,  San  Di¬ 


ego,  CA)  was  plated  at  0.5  jag/well  by  diluting  in  0.5  ml 
PBS,  pH  8.5,  and  incubation  in  24-well  plates  for  24  h 
at  4°C.  The  plates  were  washed  three  times  with  PBS. 
Where  indicated,  osteopontin  was  coimmobilized  with 
anti-CD3.  At  the  concentrations  used,  osteopontin  and 
anti-CD3  are  unlikely  to  impair  one  another’s  plating 
efficiencies.  T-cells  were  then  added  at  a  concentration 
of  2.5  X  105  cells/well  in  a  volume  of  0.5  ml  of  serum- 
free  medium,  either  AIM-V  medium  (Gibco/BRL)  or 
DMEM  in  which  serum  had  been  replaced  with  5  jag/ ml 
insulin  and  5  jag/ml  transferrin.  Extracellular  matrix 
proteins,  including  murine  or  bovine  vitronectin 
(Gibco/BRL),  osteosarcoma-derived  osteopontin  vari¬ 
ant  A  from  the  osteosarcoma  cell  line  K7  (14),  fibronec- 
tin  (Gibco/BRL),  fibrinogen  (Sigma),  or  entactin  frag¬ 
ment  (Sigma),  were  added  at  the  specified  concentra¬ 
tions.  Where  indicated,  fetal  bovine  serum  was  present 
at  5%.  Blocking  antibodies  used  were  anti-integrin  j33 
(2C9.G2),  anti-integrin  /3X  (9EG7,  Ha2/5),  anti-integrin 
j82  (GAME-46),  and  anti-integrin  j 37  (FIB27),  all  ob¬ 
tained  from  Pharmingen.  Also  used  were  antibodies 
anti-Pgpl  (clone  IM7,  Pharmingen),  KM81  (purified 
from  ATCC  clone  TIB241),  and  anti-Ly24A.2  (Bio¬ 
source).  For  competition  studies,  cells  were  preincu¬ 
bated  in  a  small  volume  with  the  relevant  antibodies 
for  15  min  at  4°C  and  plated  afterward.  Supernatants 
or  cells  were  harvested  after  16  h  for  determination  of 
IL-2  levels  by  ELISA  and  apoptosis  by  flow  cytometry, 
respectively. 

Analysis  of  surface  markers.  Expression  of  cell  sur¬ 
face  markers  was  determined  by  flow  cytometry  with 
fluorescently  labeled  antibodies.  T-cell  hybridomas 
were  routinely  stained  for  CD3,  CD4,  CD8,  and  con¬ 
trols  after  thawing  and  after  several  weeks  in  culture. 
For  analysis  of  Fas  expression,  PE-anti-Fas  antibody 
was  used  with  PE-anti-CD8  and  PE-anti-CD3  as  neg¬ 
ative  and  positive  controls,  respectively.  All  antibodies 
were  obtained  from  Pharmingen. 

IL-2  ELISA.  Levels  of  IL-2  in  cell  culture  superna¬ 
tants  were  measured  following  standard  protocols 
(Pharmingen).  Cell  culture  supernatants  were  ana¬ 
lyzed  at  1:10  or  1:20  dilution  and  color  development 
was  achieved  with  2,2 ' -azino-bis(3-ethylbenzthiazo- 
line-6-sulfonic  acid)  plus  hydrogen  peroxide. 

Apoptosis  assay.  T-cell  apoptosis  was  determined 
by  staining  with  propidium  iodide  and  measurement  of 
a  subdiploid  peak  (15).  Cells  were  washed  in  PBS/5 
mM  EDTA  and  porated  by  adding  100%  ethanol  to  a 
final  concentration  of  50%  while  vortexing.  After  a 
30-min  incubation  at  room  temperature  cells  were  pel¬ 
leted,  resuspended  in  PBS/5  mM  EDTA  with  40  /xg/mL 
RNAse  A  (Sigma),  and  incubated  for  consecutive  30 
min,  followed  by  addition  of  an  equal  volume  of  100 
jag/ml  propidium  iodide  for  analysis  by  flow  cytometry. 
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FIG.  1.  Modulation  of  T-cell  stimulation  by  extracellular  matrix  proteins.  AF3.G7  cells,  grown  in  DMEM  containing  5%  FBS,  were 
stimulated  with  0.5  (ig/ well  plated  anti-CD3  in  24-well  plates  for  16  h  before  analysis  of  apoptosis  and  IL-2  secretion.  Extracellular  matrix 
proteins  (A,B)  or  blocking  agents  for  integrin  receptors  (C,D)  were  present  in  soluble  form  at  the  indicated  concentrations.  (A)  Osteopontin 
inhibits  apoptosis  in  a  dose-dependent  manner,  whereas  vitronectin  and  fibronectin  have  no  effect.  Control  levels  of  apoptosis  induced  by 
plated  anti-CD3  antibody  after  24  h  are  55%.  (B)  Osteopontin,  vitronectin,  and  fibronectin  do  not  alter  anti-CD3-induced  levels  of  IL-2 
secretion  (U/ml).  (C)  GRGDS  peptide,  but  not  GRGES  control  peptide,  inhibits  apoptosis  dose-dependently.  (D)  Addition  of  a  blocking 
anti-integrin  S3  antibody,  but  not  control  immunoglobulin  (not  shown),  inhibits  apoptosis.  Even  though  integrin  j3 1  is  expressed  on  AF3.G7 


cells  a  specific  antibody  does  not  affect  activation;  this  is  also  the  case 
on  apoptosis  or  IL-2  secretion  levels  when  added  to  resting  cells. 

RESULTS 

Extracellular  matrix  pi'oteins  provide  differential  co¬ 
stimuli.  The  T-cell  hybridoma  AF3.G7,  grown  in 
DMEM  with  5%  FBS,  responds  to  ligation  of  the  T-cell 
antigen  receptor  via  plated  anti-CD3  antibody  with 
secretion  of  IL-2  and  apoptosis  (16).  We  tested  the 
effects  of  costimulation  by  extracellular  matrix  pro¬ 
teins  on  activation  as  judged  by  these  readouts.  Unex¬ 
pectedly,  osteopontin  inhibited  apoptosis  in  a  dose- 
dependent  manner,  whereas  vitronectin  and  fibronec¬ 
tin  had  no  effect;  none  of  the  ligands  tested  affected 
IL-2  secretion  (Figs.  1A  and  IB).  Commonly,  these 
ligands  contain  RGD  motifs  that  are  important  for 
engagement  of  integrin  receptors.  When  we  added 


for  antibodies  to  integrins  j32  and  j37.  All  agents  tested  have  no  effect 

GRGDS  peptide  to  the  medium  to  compete  with  the 
RGD-mediated  binding  we  found  dose-dependent  inhi¬ 
bition  of  apoptosis  (Fig.  1C).  Furthermore,  addition  of  a 
blocking  anti-integrin  jS3  antibody,  but  not  control  im¬ 
munoglobulin,  inhibited  programmed  cell  death  while 
antibodies  to  integrins  j31?  /32,  and  J37  did  not  (Fig.  ID), 
suggesting  that  costimuli  acting  through  j33-integrin  v 
receptors  were  already  provided  with  the  medium. 

Costimulation  through  integrin  /3-?  is  essential  for 
T-cell  activation .  After  elimination  of  serum  from  the 
medium,  stimulation  with  plated  anti-CD3  does  not 
result  in  any  measurable  IL-2  secretion  or  apoptosis. 
This  is  the  case  even  at  very  high  concentrations  of 
anti-CD3  antibody  at  which  the  apoptotic  response  in 
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FIG.  2.  Titration  of  plate-bound  anti-CD3  antibody.  AF3.G7  cells 
were  stimulated  with  the  indicated  concentrations  of  plated  anti- 
CD3  in  24-well  plates  for  16  h,  either  in  DMEM  containing  5%  FBS 
(filled  squares)  or  in  serum-free  medium  (filled  triangles),  before 
analysis  of  apoptosis  and  IL-2  secretion.  Even  at  high  concentrations 
of  anti-CD3  antibody  (2  /xg/well)  there  is  no  substantial  induction  of 
apoptosis  in  serum-free  medium,  whereas  the  level  of  programmed 
cell  death  induced  in  the  presence  of  serum  reaches  near  maximal 
levels  at  moderate  amounts  of  anti-CD3  (0.5  /xg/well). 

serum-containing  medium  has  reached  a  plateau  (Fig. 
2).  Therefore,  increased  strength  of  signaling  through 
the  TCR  cannot  overcome  the  absence  of  costimuli. 

Addition  of  individual  extracellular  matrix  proteins, 
including  vitronectin,  fibronectin,  or  fibrinogen,  restored 
IL-2  secretion  and  apoptosis,  whereas  addition  of  os- 
teopontin  or  entactin  was  somewhat  less  effective  at  re¬ 
covering  IL-2  secretion  and  did  not  lead  to  induction  of 
apoptosis.  (Figs.  3A-3D).  Similar  results  were  obtained 
with  another  T-cell  hybridoma  (BC.C10,  data  not  shown). 

Commonly,  the  extracellular  matrix  proteins  under 
study  may  ligate  the  integrin  receptor  av|33  and  indeed 
a  blocking  anti-integrin  fi3  antibody  reversed  the  ef¬ 
fects  of  all  ligands  (Figs.  3E  and  3F).  In  contrast,  two 
T-cell  lines  (S49.33  and  AKR1.1)  that  do  not  express 
the  candidate  receptor  integrin  av/3 3  for  these  mole¬ 
cules  did  not  respond  to  plated  anti-CD3  with  IL-2 
secretion  or  apoptosis,  even  in  serum-containing  me¬ 
dium  (data  not  shown).  These  ligands  often  display 
substantial  receptor  promiscuity.  Fibrinogen,  fibronec¬ 
tin,  and  entactin  may  also  ligate  ^ -integrins.  We 
asked  which  integrins  contribute  to  costimulation  in¬ 
duced  by  these  extracellular  matrix  proteins  under 
serum-free  conditions.  Addition  of  a  blocking  anti-inte¬ 
grin  /3i  antibody  did  not  reverse  their  costimulatory 
effects  whereas  addition  of  anti-integrin  /33  antibody 
mediated  complete  inhibition  (Figs.  3E  and  3F).  We 
also  tested  whether  a  second  receptor  for  osteopontin, 


CD44,  might  be  involved.  CD44  has  been  associated 
with  T-cell  costimulation  (17-19)  and  specifically  with 
inhibition  of  T-cell  apoptosis  (20,  21).  Three  different 
antibodies  to  CD44  (anti-Pgpl,  KM81,  anti-Ly24A.2) 
did  not  affect  osteopontin-dependent  costimulation 
(Figs.  3E  and  3F),  serum-induced  costimulation,  or  the 
anti-apoptotic  effect  of  osteopontin  in  complete  me¬ 
dium  (data  not  shown).  Phosphorylation  is  necessary 
for  ligation  of  integrin  receptors  by  osteopontin,  and 
consistent  with  the  above  results,  we  found  that  bac- 
terially  produced  recombinant  osteopontin,  which  does 
not  have  posttranslational  modifications,  had  no  effect 
on  apoptosis  (data  not  shown).  This  was  not  due  to  a 
lack  of  recognition  of  recombinant  osteopontin  by 
AF3.G7  cells  since  this  hybridoma  has  been  shown  to 
bind  unmodified  recombinant  osteopontin  via  its  CD44 
receptor  (22). 

Ligands  can  compete  for  a  receptor  and  thus  modu¬ 
late  the  response  phenotype.  The  anti-apoptotic  effect 
in  complete  medium  of  osteopontin  but  not  vitronectin 
suggested  competition  between  vitronectin  contained 
in  serum  and  the  added  osteopontin  ligand.  Because 
vitronectin  is  a  potent  costimulus  at  very  low  doses, 
other  extracellular  matrix  proteins  contained  in  serum 
may  contribute  less.  We  tested  for  competition  between 
osteopontin  and  vitronectin  under  serum-free  condi¬ 
tions.  Increasing  concentrations  of  osteopontin  com¬ 
peted  with  a  fixed  amount  of  68  nM  vitronectin,  result¬ 
ing  in  curves  that  reflect  the  combination  of  competi¬ 
tion  and  osteopontin-induced  signal  transduction. 
Dose-dependent  inhibition  of  apoptosis  was  observed  but 
the  IL-2  curve  shows  increasing  levels  at  higher  concen¬ 
trations  of  osteopontin  (Figs.  3G  and  3H).  These  data 
corroborate  that  the  two  ligands  induce  distinct  response 
phenotypes  after  ligation  of  the  same  receptor. 

Immobilized  osteopontin  exerts  a  nonspecific  RGD 
effect.  Extracellular  matrix  molecules  may  ligate  cell 
surface  receptors  in  soluble  form  after  secretion  by 
immune  cells.  As  part  of  the  intercellular  matrix,  they 
may  also  engage  integrins  as  cross-linked  stimuli.  We 
tested  whether  the  presentation  of  osteopontin  in  im¬ 
mobilized  form  impacts  its  effect  as  T-cell  costimulus 
(23).  Indeed,  plate-bound  osteopontin  inhibited  IL-2 
secretion  and  apoptosis  after  serum-mediated  costimu¬ 
lation  comparably  to  GRGDS,  whereas  equal  molar 
amounts  of  BSA  had  no  effect.  While  the  RGD  se¬ 
quence  in  extracellular  matrix  proteins  is  necessary  for 
the  engagement  of  integrins,  it  is  not  sufficient  for 
specific  signal  transduction.  We  have  identified  phos¬ 
phorylation  of  an  N-terminal  domain  of  osteopontin  as 
a  prerequisite  for  specific  interaction  with  integrin 
avj33  (24).  Therefore,  inhibition  of  IL-2  secretion  and 
apoptosis  by  plated  osteopontin  is  consistent  with 
blocking  of  integrin  receptors  through  the  RGD  motif 
and  suggests  that  immobilization  inactivates  osteopon¬ 
tin  signaling  through  steric  hinderance  (Figs.  4A-4C). 


34 


ADLER  ET  AL. 


A  B 


0  60  120  180  240  300  0  60  120  180  240  30 

COLIGAND  (nM)  COLIGAND  (nM) 

FIG.  3.  T-cell  costimulation  by  extracellular  matrix  proteins  in  serum-free  medium.  AF3.G7  cells,  grown  in  serum-free  DMEM,  were 
stimulated  with  0.5  fig! well  plated  anti-CD3  in  24-well  plates  for  16  h  before  analysis  of  apoptosis  and  IL-2  secretion.  Extracellular  matrix 
proteins  were  present  in  soluble  form  at  the  indicated  concentrations.  (A-D)  Addition  of  vitronectin,  fibronectin,  or  fibrinogen  restores  IL-2 
secretion  (C)  and  apoptosis  (A),  while  addition  of  osteopontin  or  entactin  restores  IL-2  secretion  (D),  but  not  apoptosis  (B).  The  horizontal 
dashed  lines  indicate  the  extent  of  IL-2  secretion  or  apoptosis  stimulated  by  anti-CD3  in  the  presence  of  5%  fetal  bovine  serum.  (E,F) 
Costimulation  by  extracellular  matrix  molecules  is  reversible  by  a  blocking  antibody  to  integrin  /3;{.  Even  though  fibrinogen  and  entactin  may 
also  ligate  integin  /3j  an  antibody  to  this  integrin  has  no  effect.  Likewise,  three  distinct  antibodies  to  CD44  do  not  inhibit  osteopontin- 
dependent  costimulation.  (G,H)  Competition  between  a  fixed  amount  of  68  nM  vitronectin  and  increasing  concentrations  of  osteopontin  for 
ligation  of  the  coreceptor  leads  to  diminished  apoptosis  with  increasing  dose  of  osteopontin.  The  curve  for  IL-2  levels  reflects  the  combined 
effects  of  competition  with  vitronectin  binding  and  intrinsic  IL-2  induction  by  osteopontin. 


In  the  absence  of  costimulation,  the  block  in  signal  remained  constant  over  time,  the  levels  of  Fas  in- 
transduction  is  incomplete.  The  absence  of  IL-2  secre-  creased  during  16  h  after  TCR  ligation.  Induction  of 
tion  or  apoptosis  without  costimulation  may  reflect  a  Fas  was  modestly  enhanced  by  costimuli  (fourfold)  but 
complete  block  of  TCR-associated  signal  transduction,  was  present  after  ligation  of  CD3  in  serum-free  me- 
Because  the  expression  of  Fas  is  frequently  induced  dium  (threefold)  (Figs.  5A  and  5B).  The  costimulation- 
after  T-cell  activation  and  predisposes  to  ensuing  independent  induction  could  not  be  reversed  by  the 
apoptosis,  we  asked  whether  its  induction  is  dependent  addition  of  anti-integrin  /33  antibody  (data  not  shown), 
on  costimulation.  While  the  level  of  CD3  expression  indicating  that  the  effect  is  mediated  through  the  TCR 
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and  is  not  due  to  incomplete  removal  of  serum  compo¬ 
nents. 

Osteopontin  and  vitronectin  provide  differential  co¬ 
stimulation  in  peripheral  CD4+  cells.  Naive  lymph- 
node-derived  T-cells  express  low  levels  of  the  integrin 
avj33  (25),  but  receptor  expression  is  induced  consecu¬ 
tive  to  activation.  After  being  primed  with  concanava- 
lin  A  followed  by  IL-2,  lymph-node-derived  CD4+  cells 
were  stimulated  effectively  by  vitronectin  or  osteopon¬ 
tin  to  produce  IL-2  and  differentially  underwent  apop¬ 


tosis  in  response  to  vitronectin  but  not  osteopontin 
(Figs.  6A  and  6B). 

DISCUSSION 

Previous  experiments  supporting  the  notion  that  sig¬ 
naling  through  the  T-cell  antigen  receptor  can  be  en¬ 
hanced  by  costimuli  but  that  a  strong  enough  primary 
stimulus  would  be  transduced  to  the  nucleus  may  have 
been  misleading,  since  they  were  frequently  performed 
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FIG.  4.  Immobilized  osteopontin  exerts  an  RGD  effect.  AF3.G7 
cells  were  incubated  in  DMEM  containing  5%  FBS  with  plated 
anti-CD3.  The  indicated  coligands  were  presented  at  the  indicated 
concentrations  in  soluble  form  or  after  immobilization  together 
with  anti-CD3  (this  did  not  diminish  plating  efficiency).  (A,B) 
While  soluble  osteopontin  inhibits  apoptosis  without  affecting 
IL-2  secretion  in  serum  containing  medium,  plated  osteopontin 
inhibits  both  readouts.  (C)  Plated  osteopontin  and  GRGDS  inhibit 
IL-2  secretion  dose-dependently  whereas  soluble  osteopontin  and 
GRGES  do  not. 


in  serum-containing  medium.  Here  we  provide  evi¬ 
dence  for  the  alternative  possibility,  that  costimulation 
through  integrin  av/33  is  essential  for  several  readouts 
of  responsiveness.  In  the  absence  of  costimulation  a 
partial  signal  is  transduced,  leading  to  uncompromised 
induction  of  Fas  but  not  to  secretion  of  IL-2  or  apopto¬ 
sis.  Coligation  by  vitronectin  induces  IL-2  secretion 
and  apoptosis,  and  osteopontin  activates  only  IL-2  gen¬ 


eration,  while  in  combination  osteopontin  and  vitro¬ 
nectin  may  act  as  competitors.  These  observations  sug¬ 
gest  the  association  of  modular  component  pathways 
with  the  TCR  (16,  26-29),  some  of  which  are  blocked  at 
checkpoints  and  depend  on  facilitation  by  suitable  co¬ 
stimuli. 

Various  receptors  are  associated  with  multiple  sig¬ 
nal  transduction  modules  which,  in  T-cells,  may  selec¬ 
tively  predispose  to  proliferation  or  programmed  cell 
death.  This  has  been  demonstrated  for  the  IL-2  recep¬ 
tor  that  can  mediate  proliferation  through  Akt  and 
Bcl-2  or  can  predispose  to  Fas-induced  apoptosis  after 
activation  of  Stat5  with  consecutive  FasL  expression 
(30).  Similarly,  signal  transduction  through  the  TNF 
receptor  triggers  apoptosis  in  the  presence  of  the  in- 
ducibly  expressed  serine-threonine  kinase  RIP.  In  the 
absence  of  RIP,  TNF  induces  T-cell  activation  (31). 
Engagement  of  the  T-cell  antigen  receptor  is  also  asso¬ 
ciated  with  two  outcome  phenotypes,  but  here  costimu¬ 
lation  determines  which  one  predominates. 

Ligation  of  integrin  avfi3  may  have  several  biological 
consequences.  Like  other  integrins,  it  can  contribute  to 
cell  motility  and  adhesion  by  mediating  haptotaxis  fol¬ 
lowed  by  attachment  and  spreading  (32-34).  The  inter¬ 
action  between  extracellular  matrix  proteins  and  inte¬ 
grin  receptors  may  also  prevent  a  form  of  apoptosis 
frequently  referred  to  as  anoikis  (35,  36).  Integrins 
may  cooperate  with  growth  factors  to  enhance  mito¬ 
genic  signaling  (37-39).  In  T-cell  activation,  ligation  of 
the  TCR  corresponds  to  the  engagement  of  a  growth 
factor  receptor.  Our  data  suggest  the  existence  of  at 


FIG.  5.  Time  course  of  surface  marker  expression  in  the  presence 
or  absence  of  costimuli.  AF3.G7  cells  were  incubated  in  serum-free 
medium  with  plated  anti-CD3  in  the  presence  or  absence  of  vitro¬ 
nectin  or  fibronectin  for  the  indicated  times.  Surface  marker  expres¬ 
sion  of  Fas  (A)  and  CD3  (B)  was  analyzed  by  flow  cytometry  after 
staining  with  phycoerythrin-labeled  antibodies  and  the  results  are 
expressed  as  relative  fluorescence  units.  At  each  time  point,  cells 
stained  with  phycoerythrin-labeled  anti-CD8  antibody  served  as 
negative  controls. 
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FIG.  6.  Costimulation  in  primed  peripheral  CD4+  cells.  Lymph  node  derived  CD4+  cells  were  primed  in  complete  medium  with 
concanavalin  A  for  3  days  and  expanded  in  IL-2-containing  medium  for  4  consecutive  days.  The  cells  were  stimulated  in  serum-free  medium 
with  plated  anti-CD3  in  the  presence  or  absence  of  soluble  extracellular  matrix  proteins  as  indicated.  Apoptosis  (A)  and  IL-2  secretion  (B) 
depend  on  costimulation.  In  conformity  to  the  data  obtained  with  T-cell  lines,  costimulation  of  peripheral  CD4+  T-cells  with  vitronectin  leads 
to  apoptosis  and  IL-2  secretion  while  costimulation  with  osteopontin  mediates  IL-2  secretion  but  not  apoptosis. 


least  three  distinct  pathways  to  T-cell  activation.  In¬ 
duction  of  Fas  is  directly  coupled  to  the  T-cell  antigen 
receptor  (Fig.  5),  is  calcium  independent,  and  is  likely 
mediated  by  PKC  through  TDAG51  (40).  IL-2  secretion 
depends  on  coligation  of  TCR  and  integrin  receptors 
(Fig.  3).  This  activating  TCR-dependent  pathway  may 
recruit  PI  3-kinase  through  TCR-SHP2-Grb2  and  in¬ 
volve  activation  of  the  transcription  factors  AP-1  and 
NF-AT  which  are  responsible  for  IL-2  induction.  This 
pathway  can  be  enhanced  by  recruitment  of  PI  3-ki- 
nase  to  integrins  through  FAK  (41-45)  and  may  be 
engaged  by  osteopontin  (46)  or  entactin.  In  contrast, 
signal  transduction  leading  to  T-cell  apoptosis  (Fig.  3) 
may  advance  via  Lck,  a  p32  G-protein,  phospholipase 
A,  and  downstream  generation  of  hydroxyl  radical 
(16,  47-49).  Phospholipase  A  pathways  have  previ¬ 
ously  been  associated  with  integrin  signaling  (49,  50) 
and  may  be  engaged  after  coligation  of  integrin  av03  by 
vitronectin,  fibronectin,  or  fibrinogen.  Synergistically 
with  the  above,  calcium-mediated  or  ERK/JNK-medi- 
ated  signal  transduction  may  lead  to  cell  proliferation 
dependent  on  contributions  from  costimuli. 

T-cells  bearing  the  y/8  receptor  are  frequently  iden¬ 
tified  at  sites  of  inflammation  and  may  play  an  immu- 
noregulatory  rather  than  an  effector  function.  Interest¬ 
ingly,  the  accessory  contribution  of  integrin  av/33  may 
play  an  even  more  dominant  role  in  some  subsets  of  y/8 
T-cells  than  in  al\ 3  T-cells  because  there  it  has  become 
independent  of  ligation  of  the  TCR.  The  associated 
signal  transduction  utilizes  a  pathway  associated  with 
the  TCR  £-chain  (51,  52).  If  differential  induction  of 
activation  and  apoptosis  also  occurs  in  the  y/8  T-cell 


compartment  this  may  have  implications  for  autoim¬ 
mune  disease  where  the  participation  of  these  T-cells  is 
often  prominent. 

Even  though  antigen  specificity  determines  the  tar¬ 
get  of  an  immune  response,  additional  endogenous  sig¬ 
nals  are  required  to  define  the  type  of  immunity 
mounted.  Most  obviously,  the  presentation  of  an  anti¬ 
gen  by  MHC  I,  MHC  II,  or  noncanonical  antigen-pre¬ 
senting  molecules  (such  as  CD1  or  Qa-1)  engages  ei¬ 
ther  CD4+  or  CD8+  T-cells  or  NK  cells.  In  addition,  the 
prevalent  cytokine  profile,  induced  primarily  by  secre¬ 
tion  of  IL-10  or  IL-12  from  macrophages,  can  direct  the 
immune  system  to  antibody-mediated  type  II  reactions 
or  to  cellular  type  I  reactions.  Accessory  signals  may 
also  instruct  individual  T-cells  to  display  specific  re¬ 
sponse  phenotypes.  Coligation  of  CD28  on  target  T- 
cells  by  either  B7  or  CTLA4  concomitantly  with  anti¬ 
gen  presentation  determines  whether  the  T-cells  be¬ 
come  responsive  or  anergized.  Here  we  show  that 
secreted  extracellular  matrix  proteins  may  act  as  im¬ 
portant  costimulatory  cytokines,  which  determine 
whether  activated  T-cells  prevail  or  succumb  to  apop¬ 
tosis.  These  molecules  are  ubiquitous  in  the  extracel¬ 
lular  matrix.  There,  they  may  serve  largely  structural 
roles,  which  do  not  seem  to  be  essential  because  knock¬ 
out  mice  for  vitronectin  or  osteopontin  do  not  display 
any  developmental  defects  or  connective  tissue  dis¬ 
eases  (53,  54).  When  released  from  the  matrix  or  se¬ 
creted  by  immune  cells,  however,  these  molecules 
adopt  cytokine  characteristics  and,  expectedly,  the  co¬ 
stimulatory  properties  hinge  on  soluble  presentation. 
The  lack  of  measurable  T-cell  activation  in  the  absence 
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of  any  of  these  cytokines  reflects  their  important  im- 
munoregulatory  function. 

The  expression  of  integrin  avf$3  on  naive  T-cells  is 
low,  but  is  induced  on  memory  cells;  therefore,  the 
mechanisms  described  in  this  study  may  predomi¬ 
nantly  affect  the  repertoire  of  memory  T-cells  and  im¬ 
ply  a  mechanism  of  control  for  immune  responses  by 
the  memory  compartment.  Consistently,  spleen  and 
lymph  node  cells  of  osteopontin  knockout  mice  display 
moderately  elevated  levels  of  CD62L  and  reduced  lev¬ 
els  of  the  memory  markers  CD45RB  and  CD44  (Weber, 
unpublished  observations).  Clinical  implications  de¬ 
rived  from  this  include  synovial  T-cell  survival  in  rheu¬ 
matoid  arthritis  which  may  be  mediated  by  anti-apop- 
totic  effects  of  stromal  cells  exerted  through  T-cell  in- 
tegrins  (8).  HIV  tat  has  been  shown  to  ligate  integrin 
awf}3  on  human  T-cells  (55,  56).  This  engagement  acti¬ 
vates  the  cells  and  facilitates  infection  (57).  It  may  also 
lead  to  apoptosis  and  thus  contribute  to  accelerated 
loss  of  CD4+  cells,  especially  in  the  memory  compart¬ 
ment  where  expression  levels  of  integrin  avj33  are  high 
(58). 

Note  added  in  proof.  Recently,  Zheng  et  al.  (J.  Biol.  Chem.  275, 
24565-24574)  have  shown  that  osteopontin  and  vitronectin  can  dif¬ 
ferentially  activate  migration  and  activation  of  the  phosphatidylino- 
sitol  3-kinase/AKT  pathway  after  ligation  of  integrin  av/h  in  prostate 
cancer  cells. 
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Abstract 

Malignant  tumors  are  characterized  by  dysregulated  growth  control,  overcoming  of  replicative  senescence,  and  metastasis 
formation.  Current  therapeutic  regimens  mostly  exert  their  effects  through  inhibition  of  cell  cycle  progression,  leaving  two 
major  components  of  transformation  untouched.  The  cytokine  osteopontin  is  essential  for  the  dissemination  of  various 
cancers.  Past  research  has  implied  several  modes  in  which  osteopontin  and  its  main  receptors  on  tumor  cells  can  be 
suppressed.  Osteopontin  expression  is  inhibitable  on  the  levels  of  gene  transcription  and  the  RNA  message,  and  the 
osteopontin  protein  can  be  blocked  with  antibodies  or  synthetic  peptides.  The  osteopontin  receptor  CD44  has  been  targeted 
by  diverse  therapeutic  strategies,  including  cytotoxic  and  immunotherapeutic  approaches.  The  receptor  integrin  ayp3 
contributes  not  only  to  tumor  cell  dissemination,  but  also  to  angiogenesis  and  osteolysis  in  bone  metastases.  Small  molecule 
inhibitors  of  this  receptor  are  under  study  as  drug  candidates.  Because  receptors  and  cytokine  ligands  that  mediate  metastasis 
formation  are  sparsely  expressed  in  the  adult  healthy  organism  and  are  more  readily  reached  by  pharmaceuticals  than 
intracellular  drug  targets  they  may  represent  a  particularly  suitable  focus  for  therapeutic  intervention.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 
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1,  Metastasis  formation  as  a  target  for  cancer  therapy 

The  mortality  of  cancer  is  largely  caused  by  locally 
and  distally  invasive  growth.  Transformed  cells  with¬ 
out  the  ability  to  grow  destructively  would  form  only 
benign  tumors,  which  in  most  cases  are  eminently 
treatable.  On  the  molecular  level,  the  metastatic  phe¬ 
notype  is  generated  by  the  expression  of  homing  re¬ 
ceptors  with  associated  signaling  molecules,  their  li¬ 
gands,  and  extracellular  matrix-degrading  proteases. 
They  represent  gene  products  that  are  not  derived 


*  Fax:  +1-617-636-1766. 

E-mail  address:  gweber@lifespan.org  (G.F.  Weber). 


from  organogenesis,  but  are  physiologically  used  by 
macrophages  and  lymphocytes  for  homing  and  for 
the  induction  of  neovascularization  in  stress  re¬ 
sponses  [1],  The  first  targets  in  metastatic  spread 
are  typically  draining  lymph  nodes.  Homing  to  and 
expansion  in  the  lymphoid  system  corroborate  the 
notion  that  cancer  metastasis  is  based  on  mecha¬ 
nisms  normally  employed  by  immunocytes  [2],  The 
differentiation  of  immune  cells  proceeds  in  the  con¬ 
text  of  their  tissue  of  residence  so  that  lymphocytes 
from  Peyer’s  patches  are  distinct  from  cutaneous 
lymphocytes  and  Kupffer  cells  are  distinct  from  al¬ 
veolar  macrophages.  Accordingly,  recognition  of 
topology  may  be  encoded  in  the  surface  molecules 
of  immune  cells.  Unlike  the  classical  oncogenes  (fre- 
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quently  affected  by  point  mutations,  deletions,  frame 
shifts,  or  translocations)  the  genes  involved  in  cancer 
spread  have  not  been  observed  to  be  mutated  in  ma¬ 
lignancies,  although  they  are  subject  to  dysregulation 
on  the  levels  of  transcription  or  splicing.  In  the  adult 
healthy  organism,  expression  of  these  molecules  is 
typically  rare.  This  makes  them  good  candidate  tar¬ 
gets  for  cancer  therapy. 

Malignant  transformation  depends  on  three  basic 
molecular  mechanisms,  proliferation,  overcoming  of 
replicative  senescence,  and  metastatic  spread.  All 
would  be  suitable  objects  for  anticancer  agents.  In 
contrast,  conventional  chemo-  and  radiation  therapy 
aims  at  cell  proliferation  but  is  mostly  not  suitable  to 
inhibit  the  mechanisms  of  cancer  dissemination.  It 
consists  predominantly  of  radiation  induced  DNA 
damage,  redox-cycling  antibiotics  (inducers  of  DNA 
strand  breaks),  antimetabolites  (false  building 
blocks),  alkylating  agents  (DNA  cross-linkers),  cell 
cycle  inhibitors  (including  spindle  poisons),  and  in 
selected  cases  hormones.  This  deficit  in  the  pharma¬ 
cological  armamentarium  is  highlighted  by  compar¬ 
ison  with  combination  chemotherapy  regimens  of 
other  diseases,  which  incorporate  drugs  that  interfere 
with  multiple  pathogenic  processes.  Modem  combi¬ 
nation  chemotherapy  for  infectious  diseases  has  var¬ 
ious  targets  and  the  drugs  used  in  combination  typ¬ 
ically  aim  at  more  than  one  of  them,  (Example 
AIDS:  non-nucleoside  reverse  transcriptase  inhibi¬ 
tors,  nucleoside  analogs,  protease  inhibitors;  highly 
active  anti-retroviral  therapy,  or  HAART,  combines 
two  to  three  nucleoside  analogs  with  one  or  two 
protease  inhibitors  or  one  reverse  transcriptase  inhib¬ 
itor.  Example  tuberculosis:  isoniazid  interferes  with 
NAD+  synthesis,  rifampicin  and  ethambutol  inhibit 
RNA  synthesis,  streptomycin  interferes  with  RNA 
translation  to  protein;  combination  therapy  com¬ 
bines  several  antibiotics  to  avoid  the  development 
of  resistance.)  Expansion  of  the  spectrum  of  targets 
in  cancer  therapy  holds  the  promise  of  enhancing 
efficacy  and  reducing  unwanted  effects.  The  increas¬ 
ing  comprehension  of  molecular  interactions  in¬ 
volved  in  the  dissemination  of  cancer  cells  should 
allow  for  the  identification  of  promising  drug  targets. 
Nevertheless,  few  drugs  have  been  designed  which 
are  suitable  to  suppress  metastasis  formation.  Taxol 
and  vincristine  may  inhibit  cell  motility  through  their 
effects  on  microtubules.  The  various  anti-angiogenic 


drugs  that  are  currently  undergoing  clinical  tests  also 
target  dissemination.  Bisphosphonates  are  in  clinical 
use  against  bone  metastases  of  multiple  primary  tu¬ 
mors. 

The  cytokine  osteopontin  contributes  substantially 
to  metastasis  formation  by  various  cancers.  The  fol¬ 
lowing  is  a  discussion  of  potential  strategies  for  tar¬ 
geting  osteopontin-dependent  mechanisms  of  tumor 
cell  dissemination  in  anti-neoplastic  therapy.  While 
most  of  these  strategies  have  been  used  only  in  ex¬ 
perimental  research  settings,  often  as  scientific  tools 
rather  than  as  therapeutic  agents,  they  may  still  point 
the  way  to  future  clinical  approaches.  Some  methods 
proposed  in  this  discourse  are  hypothetical  insofar  as 
they  have  not  yet  been  specifically  targeted  to  osteo¬ 
pontin.  They  may  represent  future  potential  that 
warrants  experimental  evaluation.  The  molecular 
connections  that  govern  osteopontin  induction  and 
osteopontin  effects  through  its  various  receptors  are 
described  in  some  detail.  This  is  based  on  the  notion 
that  mechanistic  insight  is  a  first  step  toward  a  ra¬ 
tional  design  of  therapeutic  intervention. 


2.  The  roles  of  osteopontin  in  stress  responses  and  in 
cancer  dissemination 

Osteopontin  is  an  acidic  glycoprotein  with  a  pro¬ 
tein  backbone  of  about  32.5  kDa.  It  is  rich  in  aspar¬ 
tate,  glutamate  and  serine  and  contains  about  30 
monosaccharides,  including  10  sialic  acids.  Carbohy¬ 
drate  is  present  as  one  A-glycosyl  and  five  to  six 
0-glycosyl  side  chains.  Phosphorylation  occurs  to  a 
variable  extent,  possibly  on  up  to  28  sites  [3],  distrib¬ 
uted  throughout  the  molecule  [4-6],  Osteopontin  is 
produced  by  osteoclasts,  macrophages,  T-cells,  kid¬ 
neys,  and  vascular  smooth  muscle  cells.  It  contrib¬ 
utes  to  macrophage  homing  and  cellular  immunity.  It 
also  mediates  neovascularization  and  inhibits  apo¬ 
ptosis.  Finally,  osteopontin  maintains  the  homeosta¬ 
sis  of  free  calcium.  Some  of  these  functions  of  osteo¬ 
pontin  are  described  in  more  detail  below. 

1.  Osteopontin  supports  host  resistance  by  inducing 
immune  cell  migration  and  invasion  to  sites  of 
inflammation.  Its  primary  target  cell  is  the  macro¬ 
phage  [7,8].  Osteopontin  acts  to  mediate  chemo- 
taxis  through  interaction  with  CD44  [9]  or  hapto- 
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taxis  through  binding  to  integrin  receptors  [10]. 
The  same  mechanisms  are  utilized  by  tumor  cells 
in  the  process  of  metastasis  formation  [1], 

2.  Osteopontin  is  an  essential  and  early  acting  cyto¬ 
kine  in  cellular  immune  responses,  it  induces  mac¬ 
rophages  to  mediate  interleukin  (IL)-10  suppres¬ 
sion  through  interaction  with  CD44  and  IL-12 
secretion  through  binding  to  integrin  avp3  [11]. 
These  components  are  essential  for  cellular  im¬ 
munity  and  scarless  wound  healing.  The  osteopon¬ 
tin  gene  is  associated  with  host  resistance  to  in¬ 
fections  with  parasites,  bacterial  and  viral 
pathogens  [12,13]  and  maps  to  the  Ric  locus  that 
confers  resistance  to  the  obligate  intracellular  bac¬ 
terium  Rickettsia  tsutsugamushi,  which  is  the  etio- 
logic  agent  for  scrub  typhus  [12].  Specifically,  the 
cytokine  contributes  to  host  defense  against  my¬ 
cobacterial  infection,  it  is  elevated  in  granulomas 
caused  by  mycobacterium  tuberculosis  [13],  and 
high  levels  of  expression  are  a  good  prognostic 
indicator  [14].  Bacillus  Calmette-Guerin  grows 
more  rapidly  in  macrophages  derived  from  osteo- 
pontin-deficient  mice  than  in  those  from  wild-type 
mice,  which  indicates  an  intrinsic  macrophage  de¬ 
fect  [15].  Another  aspect  of  this  osteopontin  func¬ 
tion  is  the  activation  of  immune  system  cells  dur¬ 
ing  wound  healing.  Following  skin  incisions, 
osteopontin  is  upregulated  within  6  h  after 
wounding.  In  the  absence  of  osteopontin  gene 
products,  a  significantly  decreased  level  of  de¬ 
bridement  occurs,  with  greater  disorganization  of 
matrix  and  an  alteration  of  collagen  fibrillogenesis 
leading  to  small  diameter  collagen  fibrils  [16], 

3.  Osteopontin  selectively  contributes  to  stress-de¬ 
pendent  angiogenesis.  This  form  of  neovasculari¬ 
zation  occurs  after  injury  or  hypoxia,  is  largely 
independent  of  anatomical  borders,  and  is  induced 
by  a  set  of  genes  that  is  overlapping  with,  but 
distinct  from  the  set  of  genes,  which  induces  blood 
vessel  formation  during  development.  Osteopontin 
is  one  of  three  genes  differentially  expressed  dur¬ 
ing  in  vitro  angiogenesis  [17].  In  vascular  smooth 
muscle  cells,  osteopontin  may  be  induced  by  an¬ 
giotensin  II  or  catecholamines,  both  of  which 
stimulate  vascular  growth  [18,19].  Osteopontin  re¬ 
ceptors  also  contribute  to  the  process,  because  a 
splice  variant  of  CD44  is  involved  in  endothelial 
cell  proliferation  and  migration  [20,21],  and  coor¬ 


dinate  expression  of  f^-integrins  and  osteopontin 
by  regenerating  endothelial  cells  can  stimulate  mi¬ 
gration  [22],  This  may  be  facilitated  by  vascular 
endothelial  growth  factor-induced  thrombin  cleav¬ 
age  of  osteopontin  leading  to  enhanced  induction 
of  integrin  ay  [^-dependent  endothelial  cell  migra¬ 
tion  [23],  The  engagement  of  integrin  avfo  on 
endothelial  cells  by  osteopontin  prevents  apopto- 
tic  cell  death  through  activation  of  nuclear  factor 
kB  (NF-kB)  p65  and  p50,  dependent  on  Ras  and 
Src  activation,  but  independent  of  signal  transduc¬ 
tion  by  mitogen-activated  protein  (MAP)  kinase 
kinase  or  phosphatidylinositol  3-kinase  (PI  3-ki- 
nase)  [24].  Antagonists  of  integrin  avfb  promote 
tumor  regression  by  inhibiting  neovascularization 
[25,26]. 

4.  Osteopontin  prevents  apoptosis  after  a  wide  range 
of  stresses  [27].  The  protection  from  apoptosis 
aids  homing  immune  cells  in  reaching  their  desti¬ 
nation.  By  counteracting  a  form  of  programmed 
cell  death,  often  referred  to  as  anoikis,  the  anti- 
apoptotic  properties  of  osteopontin  may  also  con¬ 
tribute  to  anchorage-independent  growth  of  tu¬ 
mor  cells  [28].  Activated  macrophages  secrete  re¬ 
active  oxygen  intermediates  after  phagocytosis. 
This  oxidative  stress,  beside  killing  germs,  causes 
peroxidation  of  membrane  lipids  with  consecutive 
apoptosis  of  the  phagocyte  itself.  Osteopontin  is 
induced  by  macrophages  concomitantly  with 
phagocytosis  and  reduces  the  level  of  ensuing  pro¬ 
grammed  cell  death  through  anti-oxidant  effects  in 
an  autocrine  fashion  [27].  Osteopontin  also  regu¬ 
lates  apoptosis  in  T-lymphocytes.  In  conjunction 
with  ligation  of  the  T-cell  antigen  receptor,  it  acts 
as  a  co-stimulus  that  prevents  programmed  cell 
death  [32],  The  cytokine  ameliorates  damage  after 
ischemia  or  reperfusion  [29-31].  Osteopontin  re¬ 
verses  the  phorbol  ester  induced  apoptosis  in 
breast  cancer  cells  that  overexpress  protein  kinase 
C  (PKC)  a  [33],  The  anti-apoptotic  effect  depends 
on  phosphorylation  of  osteopontin  and  can  be 
reversed  by  anti-integrin  (ij  antibodies  [27]. 

Extracellular  matrix  molecules  that  contribute  to 
cell  invasion  and  metastasis  formation  typically 
have  a  modular  structure,  consisting  of  multiple 
functional  domains  that  can  be  activated  by  post- 
translational  modifications.  Osteopontin  is  divisible 
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into  multiple  domains  (Fig.  1)  and  its  function  is 
extensively  regulated  at  the  posttranslational  level. 
The  molecule  has  a  protease  hypersensitive  site  that 
separates  the  integrin  and  CD44  binding  domains. 
The  thrombin  cleavage  motif  in  this  region  has  a 
conserved  sequence,  RSK,  present  in  most  species 
[34].  While  binding  of  the  C-terminal  osteopontin 
fragment  to  CD44v6  occurs  through  a  protein-pro¬ 
tein  interaction  [9,11]  it  may  also  bind  CD44v3  via  a 
heparin  bridge.  In  contrast,  activation  of  the  RGD- 
containing  N-terminal  domain  is  a  prerequisite  for 
integrin  ligation.  Cleavage  by  thrombin  and  phos¬ 
phorylation  of  the  N-terminal  fragment  are  required 
for  efficient  engagement  of  the  integrin  receptor  ayp3 
[11,35],  Osteopontin  serves  as  a  substrate  for  liver 
transglutaminase  as  well  as  the  plasma  transglutami¬ 
nase  factor  XHIa  [36,37].  The  catalyzed  reaction 
modifies  osteopontin  on  glutamines  34  and  36  [38], 
leading  to  the  formation  of  y-glutamyl-e-lysine  and 
linking  osteopontin  to  specific  extracellular  locations. 
This  has  been  associated  with  extracellular  matrix 
remodeling  [39]  and  may  influence  its  haptotactic 
properties  that  are  mediated  by  integrins.  During 


mineral  formation,  osteopontin  may  incorporate  sig¬ 
nificant  amounts  of  sulfate.  This  suggests  that  sulfa¬ 
tion  is  a  specific  marker  of  the  osteoblastic  pheno¬ 
type  [40]  and  may  be  reduced  in  lytic  bone 
metastases.  Multiple  forms  of  human  osteopontin 
are  generated  by  alternative  splicing  in  the  N-termi- 
nal  portion. 

Transformed  cells  are  often  characterized  by  abun¬ 
dant  secretion  of  osteopontin  [41,42].  They  include 
breast  cancer,  prostate  cancer,  osteosarcoma,  glio¬ 
blastoma,  and  squamous  cell  carcinoma.  This  may 
reflect  inducible  expression  that  is  secondary  to 
transformation  with  oncogenes,  such  as  \-myc  or 
ras  [43]  and  results  in  metastasis  formation  [44]. 
The  importance  of  osteopontin  in  tumor  dissemina¬ 
tion  is  highlighted  by  gene  transfer  experiments. 
Transfection  of  cells  with  osteopontin  increases  their 
malignant  phenotype  [45],  whereas  transfection  with 
antisense  oligonucleotides  yields  populations  with  re¬ 
duced  malignant  potential  [46,47],  Furthermore, 
transformation  of  cells  from  osteopontin  knockout 
mice  by  transfection  with  ras  leads  to  impaired  col¬ 
ony  formation  in  soft  agar  and  slower  tumor  growth 
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Fig.  1.  Functional  domains  of  the  cytokine  osteopontin.  A  poly-aspartate  sequence  in  the  N-terminal  part  of  the  molecule  contributes 
to  its  acidity.  In  the  middle  of  the  molecule  is  a  region  with  high  sensitivity  to  multiple  proteases,  most  notably  to  thrombin.  Cleavage 
at  this  site  splits  the  protein  into  two  functional  domains,  the  GRGDS-containing  N-terminal  fragment  which  ligates  integrin  recep¬ 
tors,  predominantly  ctvp3  and  (XvPs,  in  a  phosphorylation-dependent  manner  (the  smallest  functional  domain  identified  reaches  from 
amino  acid  71  to  169),  and  the  C-terminal  fragment  which  may  engage  the  homing  receptor  CD44  independently  of  posttranslational 
modifications  (the  smallest  functional  domain  identified  reaches  from  amino  acid  169  to  220).  While  this  polypeptide  can  ligate  the 
variant  exon  6  of  CD44,  the  C-terminal  fragment  also  contains  two  heparin  binding  sites  (positions  170  and  300)  which  may  form  a 
bridge  to  the  heparin  binding  site  on  variant  exon  3  of  CD44.  The  biological  consequences  of  CD44v3  ligation  remain  to  be  eluci¬ 
dated.  Between  RGD  motif  and  CD44  binding  domain  lies  the  recognition  site  for  integrin  Pi . 
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Table  1 


Recognition  elements  and  cognate  transcription  factors  in  the  osteopontin  promoter 


Base 

Recognition  site 

Transcription  factors 

First  intron  (enhancer) 

palindromic  recognition  element 

Oct-4 

(adjacent  to  Oct-4  site) 

Sox-2  repressor 

Downstream  of  transcription  initiation 

inverted  phorbol  ester  responsive  site 

AP-1 

70  to  82 

BPV-E2 

—27  to  -21 

TATA  box 

-39  to  -34 

Ets-1,  in  cooperation  with  PEBP2aA/CBFAl 

-45  to  —22 

RE- lb 

Oct-1,  Oct-2 

3 

1 

2 

m 

un 

1 

v-Src  response  element 

CBF-like  factor 

—86  to  —55 

RE- la 

Myc,  Spl,  glucocortico steroid  receptor,  E-box 
binding  factor 

-120  to  -115 

Pu  box 

Pu.l 

-123  to  +66 

USF1 

-180  to  -229 

Smad3 

(adjacent  to  —180  to  —229) 

Smad4  competing  with  Hoxa-9  repressor 

-270  to  259 

PEA-3,  IE  1.2 

-312  to  -305 

PEA-1 

-413  to  -405 

PEA3/EBP20 

-492  to  -481 

AP-2 

-500  to  -494 

AP-4 

-718  to  -714 

AP-1,  FSE2.1 

-725  to  -712 

Ras-activated  enhancer  sequence 

MATF 

-758  to  -741 

vitamin  D  response  element 

VDR/RXR 

Not  mapped 

progesterone  regulatory  element 

Not  mapped 

SF-1  response  element 

ERRa,  suppression  by  estrogen  or  PTH 

Not  mapped 

Ets-2 

Within  the  promoter  for  the  osteopontin  gene,  multiple  recognition  sites  for  transcription  factors  have  been  mapped.  The  majority  of 
them  have  been  shown  experimentally  to  be  functionally  relevant.  The  map  was  compiled  from  the  references  cited  in  the  text. 


the  osteopontin  promoter  [74]),  but  not  by  estrogen 
receptor  |J  [75].  These  modulating  effects  may  figure 
prominently  in  steroid  hormone  sensitive  tumors,  in¬ 
cluding  breast  and  prostate  carcinomas.  Both  malig¬ 
nancies  metastasize  predominantly  to  bone  in  a  man¬ 
ner  that  depends  on  osteopontin  expression.  Systemic 
steroids  are  sometimes  used  as  adjuvant  analgesics  in 
the  treatment  of  cancer-related  pain  or  in  the  symp¬ 
tomatic  treatment  of  certain  paraneoplastic  syn¬ 
dromes.  They  may  also  be  part  of  combination  che¬ 
motherapy  protocols  of  lymphomas.  In  the  future, 
those  regimens  may  need  to  be  combined  with  mea¬ 
sures  that  prevent  osteopontin  induction. 

4.2.  Signal  transduction 

Isoforms  of  PKC  contribute  to  signal  transduction 
in  various  cancer  cells.  Signaling  through  the  EGF 
receptor  involves  PKC  and  induces  osteopontin  gene 
expression  [65].  Osteopontin  may  also  be  induced  as 


an  early  response  gene  in  a  PKC-mediated  pathway 
in  fibroblasts  [76],  osteoblasts  [77],  smooth  muscle 
cells  [78],  and  tumor  cells  [64,79],  Osteopontin  is  in¬ 
ducible  by  1 2-O-tetradecanoylphorbol  13-acetate  [80] 
and  the  promoter  region  of  the  osteopontin  gene 
contains  a  phorbol  ester  responsive  site  (TGACTCA) 
in  an  inverted  orientation  downstream  from  the  tran¬ 
scription  initiation  site  [81].  A  complex  of  the  tran¬ 
scription  factors  and  oncoproteins  Jun  and  Fos  binds 
to  the  phorbol  ester  responsive  element  leading  to 
transactivation.  The  transcription  factor  AP-1, 
whose  binding  site  is  a  highly  conserved  enhancer¬ 
like  element  present  in  many  viral  and  cellular  genes, 
is  involved  in  the  phorbol  ester  response.  The  tumor 
suppressive  properties  of  several  PKC  inhibitors  are 
under  study  and  have  the  potential  to  suppress  os¬ 
teopontin  expression  in  addition  to  growth  suppres¬ 
sion.  Among  them  are  Go6976,  safingol,  and  cal- 
phostin  C.  7-Hydroxystaurosporine  (UCN-01)  is  an 
anti-tumor  agent  as  well  as  a  potent  inhibitor  of  a 
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variety  of  protein  kinases  with  a  preference  for  PKC. 
The  partially  selective  kinase  inhibitor,  PKC412 
blocks  substrate  phosphorylation  by  several  isoforms 
of  PKC. 

One  proto-oncogene  whose  gain-of-function  muta¬ 
tions  induce  upregulated  transcription  of  osteopontin 
is  ras.  Transfection  of  NIH3T3  cells  with  ras  leads  to 
the  induction  of  osteopontin  and  causes  a  malignant 
phenotype,  whereas  transfection  of  ras  into  LTA 
cells  does  not  induce  osteopontin  expression  and 
does  not  mediate  malignancy  [82],  Transfection  of 
cloned  rat  embryonic  fibroblast  cells  with  H-ra? 
causes  transformation  and  expression  of  osteopontin 
and  metalloproteinases.  Co-expression  of  the  tumor 
suppressor  gene  Krev-i  reverses  the  cellular  pheno¬ 
type  and  delays  in  vivo  metastasis  formation  in  a 
manner  that  is  correlated  with  reduced  osteopontin 
expression  [83].  The  augmented  osteopontin  gene  ex¬ 
pression  in  /^-transformed  metastatic  cells  is  medi¬ 
ated  in  part  by  the  Ets-related  transcription  factor, 
MATF,  which  can  bind  to  the  Ras-activated  en¬ 
hancer  sequence  of  the  osteopontin  promoter 
[45,84].  Therapeutic  agents  that  interfere  with  Ras 
signal  transduction,  such  as  hypothemycin  [85], 
may  have  a  dual  benefit  against  certain  tumors  by 
inhibiting  cell  cycle  progression  and  osteopontin  ex¬ 
pression.  Similarly,  ribozyme  mediated  inhibition  of 
ray  expression  [86]  can  block  this  pathway  of  osteo¬ 
pontin  induction. 

The  osteopontin  promoter  contains  recognition 
sites  for  multiple  members  of  the  Ets  superfamily 
of  proto-oncogenic  transcription  factors,  including 
AP-3  and  an  Ets-1  site  (bases  —39  to  —34)  [45]. 
Proto-oncogenes  of  the  Ets  family  have  been  associ¬ 
ated  with  various  carcinomas  and  their  therapeutic 
inhibition  could  suppress  osteopontin  gene  expres¬ 
sion.  The  transcription  factor  PEBP2aA/CBFAl  co¬ 
operates  with  Etsl  to  regulate  expression  of  the  os¬ 
teopontin  gene  in  skeletal  tissue  and  a  dominant 
negative  PEBP2cxA/CBFAl  diminishes  the  levels  of 
osteopontin  mRNA  [87].  These  transcription  factors, 
therefore,  may  be  suitable  targets  in  the  therapy  of 
osteosarcoma. 

Osteopontin  expression  is  induced  by  activation  of 
various  cellular  oncogenes.  Expression  of  v-src  in 
fibrosarcoma  cells  significantly  stimulates  osteopon¬ 
tin  promoter  activity  through  a  v-Src  response  ele¬ 
ment,  that  is  an  inverted  CCAAT  box  located  at  -53 


to  —49  bases.  The  mediator  of  this  signal  could  be  a 
CBF-like  factor  [88].  Consistently,  cells  from  src~!~ 
mice  have  diminished  osteopontin  expression  [65]. 
Activity  of  AP- 1/PEA- 1  is  stimulated  by  v-src, 
v-mos,  v-raf,  and  c-fos.  Like  the  AP-1  and  PEA-1 
sites  (bases  —718  to  —714  and  —312  to  —305),  the 
BPV-E2  (bases  +70  to  +82)  binding  site  may  also 
contribute  to  increased  expression  in  cells  with  acti¬ 
vated  oncogenes.  Therapeutic  inhibition  of  these 
pathways  may  not  only  suppress  growth  but  also 
dissemination. 

Cells  of  the  preimplantation  embryo  secrete  osteo¬ 
pontin.  At  this  stage,  the  POU  transcription  factor 
Oct-4  is  expressed  and  binds  to  the  first  intron  of 
osteopontin,  which  functions  as  an  enhancer  in  im¬ 
mature  cell  lines.  The  palindromic  Oct  factor  recog¬ 
nition  element  in  the  first  intron  is  composed  of  an 
inverted  pair  of  homeodomain  binding  sites  sepa¬ 
rated  by  5  bp  (ATTTG  +5  CAAAT).  POU  proteins 
are  required  for  strong  transcriptional  activation  of 
the  osteopontin  element,  whereas  the  canonical  oc- 
tamer  overlapping  with  the  downstream  half  of  the 
palindromic  Oct  factor  recognition  element  is  not 
essential.  The  transcription  factor  Sox-2  is  co-ex- 
pressed  with  Oct-4  in  the  early  embryo.  It  represses 
Oct-4  mediated  activation  of  osteopontin  by  way  of  a 
canonical  Sox  element  that  is  located  close  to  the 
palindromic  Oct  factor  recognition  element.  Repres¬ 
sion  depends  on  a  carboxy-terminal  region  of  Sox-2 
[89].  In  embryonic  carcinomas,  suppression  of  Oct-4, 
conceivably  by  Sox-2-derived  peptides,  may  represent 
a  desirable  therapeutic  goal.  A  proximal  promoter 
element  (bases  —94  to  —24),  designated  RE-1,  is  es¬ 
sential  for  maintaining  high  levels  of  osteopontin  ex¬ 
pression  in  astrocytomas.  It  consists  of  two  cis-acting 
elements,  RE-la  (bases  —86  to  -55,  containing  bind¬ 
ing  sites  for  Myc,  Spl,  the  glucocorticosteroid  recep¬ 
tor,  and  E-box  binding  factors)  and  RE-lb  (bases 
—45  to  —22,  containing  binding  sites  for  Oct-1  and 
Oct-2),  which  act  in  synergism  [90]. 

5.  Osteopontin  as  a  target  for  cancer  therapy 

The  biological  functions  of  metastasis  associated 
gene  products  are  extensively  regulated  at  the  post- 
transcriptional  and  posttranslational  levels.  There¬ 
fore,  osteopontin  from  various  cellular  sources  may 
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have  diverse  structural  characteristics  [91]  that  are 
reflected  in  distinct  physiologic  roles.  The  main 
source  of  osteopontin  is  CD4+  T-cells.  Macrophages 
may  also  produce  osteopontin  after  stimulation  with 
lipopolysaccharide  but  with  distinguishable  biologi¬ 
cal  consequences.  The  macrophage-generated  osteo¬ 
pontin  is  structurally  different  from  the  T-cell-de- 
rived  molecule,  possibly  due  to  loss  of  part  of  its 
sequence  by  alternative  splicing  (S.  Ashkar  and 
G.F.  Weber,  unpublished  observations).  Studies  in 
osteopontin-/-  gene-targeted  mice  [92]  have  sug¬ 
gested  the  existence  of  structural  and  functional  dif¬ 
ferences  between  tumor-derived  osteopontin  and  the 
osteopontin  forms  that  are  relevant  for  host  defenses. 
Evidence  suggests  that  tumor-derived  osteopontin  is 
unique  (i.e.  structurally  different  from  osteopontin 
derived  from  untransformed  cells)  and  lacks  impor¬ 
tant  domains.  As  a  case  in  point,  an  osteosarcoma 
secreted  a  smaller  form  of  osteopontin  than  the  pre¬ 
dominant  product  secreted  by  non-transformed  bone 
cells  [93],  Malignant  cells  often  secrete  hypophos- 
phorylated  osteopontin  variants  [94]  or  a  variant 
that  has  a  deletion  in  its  N-terminal  portion  [95] 
and  this  molecule  may  contribute  to  metastatic 
spread  [96]  by  inducing  cell  migration.  Concomi¬ 
tantly,  hypophosphorylated  or  alternatively  spliced 
osteopontin  could  ligate  CD44  on  macrophages  lead¬ 
ing  to  chemotaxis  [9]  and  suppression  of  IL-10,  but 
would  not  engage  its  integrin  receptors  so  that  IL-12 
would  not  be  efficiently  secreted  [11].  Thus,  expres¬ 
sion  of  structurally  altered  osteopontin  by  cancer 
cells  may,  among  other  functions,  represent  a  mech¬ 
anism  of  immune  evasion. 

5.1.  Suppression  of  the  osteopontin  message 

There  are  currently  two  principal  strategies  to  sup¬ 
press  gene  expression  on  the  level  of  the  RNA  mes¬ 
sage,  namely  ribozyme  cleavage  (1)  and  hybridization 
with  antisense  oligonucleotides  (2).  In  both  cases,  the 
mRNA  is  degraded  before  it  can  be  translated  into 
protein.  However,  both  strategies  are  compromised 
by  the  difficulty  of  intracellular  delivery  of  the  nu¬ 
cleic  acid  drugs. 


1.  Small  RNA  endonucleases  (ribozymes)  reversibly 
cleave  the  phosphodiester  bond  of  substrate  RNA 


to  generate  5'-hydroxyl  and  2',3'-cyclic  phosphate 
termini,  thus  specifically  inhibiting  the  expression 
of  target  genes.  Transacting  hammerhead  ribo¬ 
zymes  contain  a  catalytic  domain  and  flanking 
regions,  which  allow  hybridization  to  the  target 
sequence.  Short  stretches  of  RNA  (possibly  as 
low  as  19  nucleotides)  may  suffice  to  generate  cat¬ 
alytic  activity.  Ribozymes  are  being  tested  for 
anti-cancer  gene  therapy  with  oncogenes,  such  as 
ras,  EGF  receptor,  hcl-2,  and  her-2,  as  targets  [97- 
102]. 

The  osteopontin  message  is  amenable  to  targeting 
by  ribosomal  endonucleases.  Three  hammerhead 
ribozymes  designed  to  cleave  three  different  re¬ 
gions  of  osteopontin  mRNA  reduced  osteopontin 
expression  in  a  subset  of  transformed  cells.  For 
expression  in  vivo,  the  duplex  DNA  templates 
were  cloned  into  a  mammalian  expression  vector. 
Transfected  cells  had  greater  sensitivity  to  killing 
by  macrophages  and  were  less  tumorigenic  and 
metastatic  [103], 

2.  Therapy  with  antisense  oligonucleotides  is  in¬ 
tended  to  prevent  the  translation  of  proteins  that 
are  associated  with  a  particular  disease  state.  Anti- 
sense  drugs  have  the  potential  for  higher  specific¬ 
ity  and  selectivity  than  small  molecule  drugs,  be¬ 
cause  of  binding  to  mRNA  targets  through 
multiple  points  of  interaction  at  a  single  receptor 
site.  By  acting  at  this  earlier  stage,  antisense  may 
provide  greater  therapeutic  benefit  than  tradition¬ 
al  drugs,  which  do  not  act  until  the  disease  caus¬ 
ing  protein  has  been  produced.  In  addition,  the 
design  of  antisense  drugs  is  less  complex  and 
more  rapid  than  conventional  drugs  because  it  is 
restricted  by  the  base  sequence  of  the  target  RNA. 
Osteopontin  antisense  can  be  expressed  by  stable 
transfection  with  a  mammalian  expression  vector 
containing  the  relevant  cDNA  in  an  inverted  ori¬ 
entation.  Expression  of  antisense  osteopontin 
RNA  in  metastatic  ras-transformed  NIH3T3 
mouse  fibroblasts  is  associated  with  reduced  ma¬ 
lignancy.  Primary  tumor  growth  rates  in  nude 
mice  as  well  as  experimental  metastases  in  a  chick 
embryo  metastasis  assay  and  in  nude  mice  were 
reduced  or  completely  inhibited  [46,104].  Anti- 
sense  RNA  caused  a  reduction  in  osteopontin  se¬ 
cretion  by  malignant  B77-Ratl  fibroblasts  and  re¬ 
duced  their  ability  to  form  both  lung  tumors  in 
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nude  mice  after  intravenous  injection  and  colonies 
in  soft  agar.  Antisense  transfectants  also  showed 
increased  spreading  on  vitronectin  [47],  suggesting 
that  competition  between  osteopontin  and  vitro¬ 
nectin  for  the  integrin  receptor  may  contribute  to 
modulating  metastatic  spread.  Antisense  inhibi¬ 
tion  of  osteopontin  expression  may  suffice  to  pre¬ 
vent  full  transformation.  Several  clonal  lines  of 
preneoplastic  JB6  cells  derived  from  BALB/c 
mouse  epidermal  cultures  become  irreversibly  on¬ 
cogenic  and  concomitantly  synthesize  osteopontin 
at  elevated  levels  upon  treatment  with  12-O-tetra- 
decanoyl  phorbol- 13-acetate.  Stable  transfection 
of  these  clones  with  inducible  osteopontin  anti- 
sense  RNA  prevented  augmented  osteopontin  ex¬ 
pression  at  both  mRNA  and  protein  levels  follow¬ 
ing  treatment,  and  cells  from  all  four  clones  failed 
to  form  colonies  in  soft  agar  medium  [105]. 

5.2.  Inhibition  of  the  osteopontin  protein 

Inhibition  of  protein  action  is  most  frequently  at¬ 
tempted  by  antibodies  or  synthetic  peptides.  Even 
though  difficulties  of  drug  delivery  compromise  the 
use  of  peptide  based  therapeutics  the  problem  is  ame¬ 
liorated  when  secreted  molecules  are  targeted  be¬ 
cause  cellular  uptake  of  the  peptide  drug  is  not  ne¬ 
cessitated.  Experiments  with  early  inhibitors  of 
metalloproteinases,  based  on  the  peptide  structure 
of  collagen,  showed  that  they  can  significantly  reduce 
the  growth  rate  of  primary  and  secondary  tumors, 
and  can  block  the  process  of  metastasis  formation 
[106].  Analogs  of  the  hypothalamic  hormones  LH- 
RH  and  somatostatin  can  modulate  their  biological 
effects  and  are  in  use  for  cancer  treatment  [107].  Fi¬ 
nally,  controversial  efforts  have  been  made  with  nat¬ 
urally  occurring  peptides,  referred  to  as  antineoplas- 
tons,  to  control  tumorous  growth  [108]. 

Various  antibodies  have  been  synthesized  that  rec¬ 
ognize  distinct  epitopes  of  osteopontin  [91,109].  Poly¬ 
clonal  antibodies  to  osteopontin  inhibit  the  growth 
stimulatory  effect  of  endogenous  osteopontin  in  hu¬ 
man  prostate  carcinoma  cells  [28].  A  murine  anti¬ 
human  osteopontin  antibody,  which  may  recognize 
the  RGD/thrombin  cleavage  region,  inhibited  the  ad¬ 
hesion  of  MDA-MB-435  breast  cancer  cells  [34],  Be¬ 
cause  prevention  of  adhesion  of  epithelial  cells  typi¬ 
cally  induces  a  form  of  apoptosis  (often  referred  to 


as  anoikis)  it  is  possible  that  interference  with  cancer 
cell  adhesion  to  osteopontin  may  suffice  to  induce 
programmed  cell  death,  implying  use  for  humanized 
versions  of  anti-osteopontin  antibodies  in  cancer 
treatment. 

The  RGD  sequence  of  osteopontin  is  essential  for 
integrin  engagement  and  is  therefore  conserved  in  all 
species.  Cell  adhesion  is  mediated  by  binding  of  the 
GRGDS  motif  in  osteopontin  to  integrin  receptors 
on  tumor  cells.  Synthetic  peptides  containing  the 
RGD  motif  are  routinely  used  experimentally  to 
block  cellular  interactions  with  osteopontin 
[110,111].  Phosphorylation  of  the  serine  in  GRGDSL 
results  in  significant  reduction  of  cell  binding  [112]. 
Similarly,  insertion  of  a-methylserine  next  to  the 
RGD  sequence  results  in  lower  affinity  for  both 
stereoisomers  and  several  small  changes  in  chemical 
shifts  and  coupling  constants  relative  to  the 
parent  serine  peptide  GRGDSL  [113].  For  therapeu¬ 
tic  use,  more  specific  sequences  will  have  to  be  iden¬ 
tified. 

5.3.  Modulation  of  posttranslational  modifications 

The  extensive  regulation  of  osteopontin  function 
by  posttranscriptional  mechanisms  and  the  inferred 
structural  differences  between  tumor-derived  and 
T-cell-secreted  osteopontin  may  imply  that  their  tar¬ 
geting  by  therapeutics  would  be  desirable.  Osteopon¬ 
tin  would  still  be  expressed  and  secreted,  while  some 
of  its  functions  could  be  suppressed.  For  example, 
prevention  of  thrombin  cleavage  does  not  affect 
CD44  engagement,  but  prevents  signaling  through 
integrin  avfc.  This  goal  is  compromised  because 
thrombin,  kinases,  transglutaminase,  and  glycosyl 
transferases  all  have  multiple  substrates.  Inhibition 
of  their  actions  could  alter  the  functions  of  other 
proteins. 

Thrombin  cleavage  of  osteopontin  is  a  prerequisite 
for  activation  of  its  integrin  binding  domain.  Signals 
transduced  through  the  integrin  receptor  are  essential 
for  the  osteopontin  induced  dissemination  of  various 
tumors.  It  is  currently  unknown  whether  there  is  a 
benefit  in  preventing  osteopontin  cleavage  by  throm¬ 
bin  in  cancer.  Diverse  thrombin  inhibitors  are  in 
clinical  use  [114-116]  and  could  be  tested  in  this  re¬ 
gard. 

Osteopontin  is  a  substrate  for  casein  kinase,  fac- 
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tor-independent  Golgi  kinase,  cAMP-  and  cGMP-de- 
pendent  kinases  [3,5,6,117-119].  Conversely,  osteo- 
pontin  is  also  a  substrate  for  tartrate-resistant  acid 
phosphatase.  The  phosphorylation  status  of  osteo- 
pontin  upon  secretion  is  influenced  by  its  mode  of 
induction,  la, 25-Dihydroxy- vitamin  D3  and  estro¬ 
gens  can  both  affect  the  extent  of  phosphorylation 
of  secreted  osteopontin.  The  functional  consequences 
for  tumor  metastasis  of  phosphorylation  of  the  mul¬ 
tiple  sites  on  the  osteopontin  protein  have  not  yet 
been  sufficiently  studied  to  make  them  promising  tar¬ 
gets  in  cancer  therapy. 

Crosslinking  of  osteopontin  by  transglutaminase 
(R-gl  utaminyl  -peptide :  amine  y-glutamyltransferase, 
EC  2.3.2.13)  may  be  a  prerequisite  for  tumor  cell 
haptotaxis.  Osteocalcin,  the  most  abundant  non-col- 
lagenous  protein  of  the  bone  matrix,  has  an  inhibi¬ 
tory  effect  on  tissue  transglutaminase  activity,  as 
measured  by  cross-linking  of  osteopontin.  The  inhib¬ 
itory  activity  resides  within  a  peptide  comprising  the 
first  13  N-terminal  amino  acid  residues  of  osteocal¬ 
cin,  which  has  affinity  for  transglutaminase  sub¬ 
strates  and  exhibits  homology  to  the  substrate  recog¬ 
nition  sites  of  two  transglutaminases.  Therefore,  the 
inhibitory  effect  is  most  likely  due  to  competition 
with  the  enzyme  for  the  transglutaminase  binding 
region  of  the  substrates,  which  prevents  access  of 
the  enzyme  to  them.  The  interference  of  osteocalcin 
with  osteopontin  cross-linking  gives  osteocalcin  a  po¬ 
tential  function  as  a  protein  inhibitor  of  tissue  trans¬ 
glutaminase  [120],  Chemical  inhibitors  of  tissue 
transglutaminase  are  monodansylcadaverine  and 
cystamine  [121,122]. 

5.4.  Protein  engineering 

The  engineering  of  proteins  has  appeal  because  of 
the  wide  range  of  functions  that  can  be  induced, 
potentially  going  beyond  the  limits  of  what  can  be 
achieved  by  endogenous  molecules.  The  promise  of 
such  approaches  has  to  be  balanced  by  their  chal¬ 
lenges,  which  include  potential  antigenicity  of  novel 
protein  sequences  and  limited  control  over  possible 
unwanted  effects  of  structures  that  have  no  biological 
correlate.  The  fusion  peptide  designs  described  below 
are  suited  to  immobilize  transformed  cells  and  may 
have  applications  in  purging  strategies. 

Bone-specific  extracellular  matrix  proteins  contain 


amino  acid  sequences  that  mediate  cell  adhesion. 
Many  of  them  also  have  acidic  domains  that  interact 
with  the  mineral  surface  and  may  orient  the  signaling 
domains.  Salivary  statherin  contains  a  15-amino  acid 
hydroxyapatite  binding  domain  (N15)  that  is  loosely 
helical  in  solution.  N15-PGRGDS  fusion  peptides 
between  RGD  plus  flanking  residues  from  osteopon¬ 
tin  and  the  C-terminus  of  salivary  statherin  bound 
tightly  to  hydroxyapatite  and  mediated  the  dose-de¬ 
pendent  adhesion  of  melanoma  cells  when  immobi¬ 
lized  on  the  hydroxyapatite  surface.  The  integrin 
avfh  was  the  primary  receptor  target  for  the  fusion 
peptide.  This  fusion  peptide  framework  may  thus 
provide  a  design  for  immobilizing  bioactive  sequen¬ 
ces  on  hydroxyapatite  [123], 

Streptavidin  is  widely  used  as  an  adapter  molecule. 
Cell  adhesive  peptides,  consisting  of  hexapeptide  se¬ 
quences  derived  from  osteopontin  and  fibronectin 
that  contain  the  RGD  cell  adhesion  sequence,  were 
engineered  into  the  three-dimensional  scaffolding  of 
streptavidin.  The  mutations  did  not  alter  refolding  or 
tetramer  assembly  and  the  slow  biotin  dissociation 
rate  of  wild-type  streptavidin  was  retained.  In  cell 
binding  assays,  rat  aortic  endothelial  cells  and  hu¬ 
man  melanoma  cells  adhered  to  surfaces  coated 
with  either  of  the  two  RGD  streptavidin  mutants 
dose-dependently  and  in  a  fashion  that  was  inhibit- 
able  with  soluble  RGD  peptide  or  with  antibodies 
directed  to  integrin  avfci  whereas  wild-type  strept¬ 
avidin  displayed  no  significant  cell  binding  activity 
[124],  The  observation  that  peptide  recognition  se¬ 
quences  can  be  engineered  into  accessible  surface  re¬ 
gions  of  streptavidin  without  disrupting  its  biotin 
binding  properties  implies  potential  utility  in  the 
trapping  of  cancer  cells. 

6.  The  receptor  CD44  as  target  for  cancer  therapy 

Osteopontin  exerts  its  pro-metastatic  effects 
through  its  respective  receptors  on  tumors,  in  part 
through  the  CD44  splice  variants  3  and  6.  The  inter¬ 
ference  with  these  receptor-ligand  interactions  on  the 
level  of  inhibiting  receptor  expression,  blocking  re¬ 
ceptor-ligand  binding,  or  suppressing  associated  sig¬ 
nal  transduction  has  the  potential  to  curtail  the  pro¬ 
cess  of  metastatic  dissemination  and  thus  to  preempt 
the  malignant  phenotype. 
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6.L  Modulation  of  CD44  expression  on  tumor  cells 

Growth  factors,  such  as  TNF-a,  may  induce  the 
expression  of  CD44  variants  v3,  v6,  and  v9  [125], 
Similarly,  oncogenes  can  regulate  CD44  expression. 
The  activated  oncogene  c-Ha -ras  induces  CD44  ex¬ 
pression  in  cloned  rat  embryonic  fibroblasts.  NIH 
3T3  cells  transformed  with  either  the  Harvey  or  Kirs¬ 
ten  ras  oncogenes  express  much  higher  levels  of  cell 
surface  CD44  protein  than  parental  3T3  cells,  ras 
revertants  generated  from  Kirsten  ras- transformed 
cells,  or  c -sis  transformants,  confirming  the  signifi¬ 
cance  of  the  ras  oncogene  in  this  upregulation 
[126].  Increased  transcript  levels  for  the  standard 
form  of  CD44  are  accompanied  by  the  appearance 
of  alternatively  spliced  RNAs  and  the  synthesis  of 
CD44  variants.  The  adenoviral  gene  product  E1A 
counteracts  the  Ras-induced  promoter  function 
and,  consequently,  inhibits  metastatic  behavior  with¬ 
out  reversing  transformation  [127],  These  connec¬ 
tions  emphasize  the  therapeutic  potential  for  Ras  in¬ 
hibitors  (see  also  Section  4.2). 

6.2.  Inhibition  of  CD44  ligation  by  osteopontin 

In  the  absence  of  candidate  small  molecule  drugs, 
three  general  strategies  exist  for  therapeutic  interfer¬ 
ence  with  receptor  ligation.  They  include  the  use  of 
antibodies  (1),  peptide  antagonists  (2),  and  soluble 
receptors  (3). 

1.  Due  to  their  high  affinity  binding,  antibodies  are 
often  employed  to  block  receptor-ligand  interac¬ 
tions.  Most  prominently  in  cancer  therapy,  anti¬ 
bodies  to  HER-2  (herceptin)  [128]  have  had  sub¬ 
stantial  success  against  breast  cancer.  The 
malignant  phenotype  of  a  rat  pancreatic  adeno¬ 
carcinoma  is  caused  by  a  splice  variant  of  CD44 
containing  variant  exon  6  [50].  Metastasis  forma¬ 
tion  in  lymph  nodes  and  lungs  by  this  adenocar¬ 
cinoma  could  be  blocked  by  intravenous  injection 
of  an  anti- variant  CD44  antibody  (mouse  IgGi). 
The  antibody  was  only  effective  when  given  before 
lymph  node  colonization;  however,  one  injection 
was  sufficient  to  retard  metastasis  formation.  The 
antibody  is  not  cytopathic  or  cytotoxic  by  itself  or 
via  complement,  it  does  not  induce  antibody-de¬ 
pendent  cellular  cytotoxicity,  and  it  does  not  acti¬ 


vate  immunoglobulin-specific  T-cells  (this  lack  of 
T-cell  activation  has  been  attributed  to  blocking 
of  CD44v  on  activated  T-cells  with  possible  im¬ 
munosuppressive  consequences).  The  antibody 
does  not  act  by  downregulating  CD44  expression 
or  by  activation  of  an  immune  defense.  The  pro¬ 
posed  mechanism  of  action  is  the  inhibition  of 
interaction  between  CD44v6  and  its  ligand  [129], 
now  known  to  be  osteopontin. 

2.  Attempts  have  been  made  to  utilize  peptide  antag¬ 
onists  of  receptors  in  cancer  therapy.  Because  they 
often  model  the  binding  domain  of  physiologic 
ligands,  such  peptide  antagonists  may  have  sub¬ 
stantial  specificity.  However,  the  concentrations 
needed  for  effective  blocking  are  often  high,  and 
parenteral  application  is  mandatory  to  avoid  de¬ 
struction  of  the  peptides  in  the  stomach.  Abarelix, 
a  peptide  antagonist  of  GnRH  receptor,  is  being 
studied  for  the  treatment  of  prostate  cancer  [130]. 
Native  somatostatin  has  been  viewed  as  a  possible 
therapeutic  for  growth  hormone-  and  thyrotropin- 
secreting  tumors.  Its  short  duration  of  action  has 
been  overcome  with  octreotide,  a  long-acting,  syn¬ 
thetic  octapeptide  analog  of  the  naturally  occur¬ 
ring  hormone  [131].  We  have  localized  the  CD44 
binding  site  of  osteopontin  to  an  RGD-indepen- 
dent  65  amino  acid  peptide  [11]  (S.  Ashkar  and 
G.F.  Weber,  unpublished  results)  (Fig.  1).  Smaller 
peptides  of  this  domain  may  possibly  serve  as 
blocking  agents  that  inhibit  this  receptor/ligand 
interaction. 

3.  Soluble  receptors  can  also  be  used  to  sequester 
growth  factors  from  their  specific  membrane- 
bound  receptors.  Fas  is  expressed  on  the  surface 
of  a  number  of  cell  types.  A  Fas  messenger  RNA 
variant  encoding  a  soluble  molecule  is  generated 
by  the  deletion  of  the  exon  encoding  the  trans¬ 
membrane  domain.  Soluble  Fas  blocks  apoptosis 
induced  by  the  antibody  to  Fas  [132]  or  by  Fas 
ligand.  Likewise,  the  IL-2  receptor  can  be  shed 
and  elevated  levels  of  serum  soluble  IL-2  receptor 
are  a  prominent  feature  of  certain  hematologic 
malignancies  [133],  including  non-Hodgkin  lym¬ 
phoma  [134], 

CD44  can  be  shed  from  the  cell  surface  and  act  as 
a  soluble  molecule  [135],  following  ectodomain 
cleavage,  mediated  through  the  pathway 
Ras  -» phosphoinositide  3-OH  kinase  ->  Cdc42/ 
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Racl  [136].  This  is  believed  to  reflect  scavenging, 
by  which  the  soluble  receptor  engages  the  physio¬ 
logic  ligands  thus  preventing  them  from  binding 
to  the  receptor  on  the  cell  surface  [137].  For  the 
interaction  with  hyaluronate,  the  other  major  li¬ 
gand  for  CD44,  it  has  been  demonstrated  that 
transfection  of  mammary  carcinoma  cells  with 
cDNA  encoding  soluble  forms  of  CD44  inhibits 
the  ability  of  endogenous  cell  surface  CD44  to 
bind  and  internalize  hyaluronate  and  to  mediate 
invasion  of  hyaluronate-producing  cell  mono- 
layers.  Mice  intravenously  injected  with  soluble 
CD44-producing  cells  developed  few  or  no  tu¬ 
mors,  whereas  untransfected  cells  generated  sub¬ 
stantial  pulmonary  metastases.  Both  cell  types  ini¬ 
tially  adhered  to  pulmonary  endothelium  and 
penetrated  the  interstitial  stroma,  however, 
although  parental  cells  divided  and  formed  clus¬ 
ters  within  lung  tissue,  most  of  the  transfectants 
underwent  apoptosis  [138].  While  similar  analyses 
have  not  been  performed  with  regard  to  the  inter¬ 
actions  between  CD44  and  osteopontin,  it  is  likely 
that  secreted  forms  of  CD44v3-6  will  exert  com¬ 
parable  inhibitory  effects.  This  implies  potential 
therapeutic  use  for  engineered  soluble  CD44  mol¬ 
ecules  in  cancer.  Because  shedding  occurs  through 
proteolytic  cleavage  of  the  extracellular  portion  of 
CD44  by  chymotrypsin-like  activity  [139],  it  is 
conceivable  that  therapeutic  application  of  a  pro¬ 
tease  that  sheds  CD44  from  the  membrane  would 
also  inhibit  dissemination  by  two  mechanisms,  re¬ 
moval  of  a  surface  receptor  that  is  important  for 
invasion  and  scavenging  of  the  physiologic  ligands 
by  the  released  extracellular  receptor  domain. 

6.3.  Targeting  of  CD44  in  cytotoxic  therapy 

Cytotoxicity  is  the  common  mechanism  of  most 
anti-cancer  therapeutics  that  are  in  use  today.  This 
makes  targeting  to  tumor  cells  and  minimizing  of  the 
damage  to  bystander  cells  an  urgent  matter.  The 
homing  of  a  cytotoxic  agent  to  a  cancer  can  be  fa¬ 
cilitated  by  coupling  it  to  a  ligand  that  is  bound  or 
taken  up  selectively  by  the  tumor  cells.  An  epitope 
encoded  by  sequences  of  the  CD44  variant  exon  6  is 
recognized  by  the  murine  monoclonal  IgGi  VFF18 
with  high  affinity.  Application  of  radiolabeled 
VFF18  to  nude  mice  bearing  human  epidermoid  car¬ 


cinoma  xenografts  led  to  fast  and  selective  uptake  of 
the  radioimmunoconjugate  into  the  tumor,  making 
the  antibody  VFF18  a  promising  vehicle  for  cyto¬ 
toxic  therapy  of  squamous  cell  carcinomas  [140], 
While  speculative  at  this  point,  it  is  conceivable 
that  synthetic  peptides  of  the  CD44  binding  domain 
of  osteopontin  or  parts  thereof  could  also  serve  as 
carrier  molecules  to  target  cytotoxic  or  cytostatic 
agents  to  the  tumor.  Such  peptides,  like  osteopontin, 
are  expected  to  be  internalized  following  receptor 
ligation  so  that  coupled  anti-cancer  drugs  would  ac¬ 
cumulate  within  the  tumor  cells. 

6.4.  Targeting  of  CD44  in  immunotherapy 

The  CD44  variants  expressed  on  tumor  cells  have 
been  the  focus  of  immunotherapeutic  strategies. 
Their  role  as  tumor  associated  antigens  is  based  on 
the  infrequent  expression  of  CD44  splice  variants  in 
the  adult  healthy  organism.  However,  a  potential 
problem  of  immunotherapy  for  metastasis  associated 
gene  products  is  that  these  molecules  are  themselves 
used  by  activated  macrophages  and  lymphocytes  (see 
Section  1).  This  form  of  immunotherapy  could  there¬ 
fore  attack  activated  immune  system  cells,  thereby 
defeating  its  own  purpose. 

1.  Bispecific  antibodies  are  conjugates  of  Fab'  frag¬ 
ments,  of  which  one  recognizes  a  tumor  antigen 
and  another  binds  specifically  to  select  immuno¬ 
logic  effector  cells.  They  were  developed  based  on 
the  hypothesis  that  strong  persistent  binding  be¬ 
tween  immune  system  effector  cells  and  tumor 
cells  may  enhance  anti-tumor  host  defenses. 

A  bispecific  F(ab')2  antibody  conjugate  was  con¬ 
structed  against  the  complement  receptor  CR3  of 
macrophages  and  the  CD44v6  antigen  of  rat  pan¬ 
creatic  adenocarcinoma  cells  to  redirect  macro- 
phage-mediated  tumor  cytotoxicity.  The  Fab' 
fragments  of  monoclonal  antibodies  1.1ASML 
and  0X42,  recognizing  the  CD44v6  and  the 
CR3  antigens  respectively,  were  chemically 
coupled  at  the  hinge  region.  Although  the  mono¬ 
valence  resulted  in  lower  avidities  to  both  the  anti¬ 
gens,  it  initiated  the  formation  of  stable  cross-link¬ 
ages  between  tumor  cells  and  macrophages  in 
culture  leading  to  the  formation  of  cell  aggregates. 
The  in  vitro  and  in  vivo  tumor-targeting  capacity 
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of  the  bispecific  antibody  conjugate  was  compared 
with  that  of  the  parental  antitumor  monoclonal 
antibody  1.1ASML,  which  mediates  tumor  killing 
by  antibody-dependent  cell  cytotoxicity.  Even 
though  the  bivalent  monoclonal  antibody 
1.1ASML  did  not  convey  stable  cross-linking  of 
target  and  effector  cells,  its  Fc-receptor-mediated 
killing  of  tumor  cells  was  more  effective  when 
compared  to  the  bispecific  antibody  conjugate. 
This  supports  the  hypothesis  that  firm  persistent 
binding  between  effector  and  target  cells  per  se  is 
not  as  important  as  the  choice  of  the  trigger  mol¬ 
ecule  used  for  macrophage  activation  to  direct 
their  tumor  cytotoxic  potential  effectively  [141]. 

2.  Cytotoxic  T-lymphocytes  are  crucial  in  host  de¬ 
fense  due  to  their  capacity  to  lyse  selected  target 
cells.  Because  recognition  by  the  T-cell  receptor 
depends  on  MHC-restricted  antigen  expression 
on  the  cell  surface,  the  use  of  cytotoxic  T-cells  in 
the  elimination  of  cancer  is  largely  limited  to  cells 
that  present  neoantigens  on  their  surface.  This 
constraint  can  be  circumvented  by  a  procedure 
in  which  the  £  component  of  the  T-cell  receptor 
is  genetically  manipulated  and  equipped  with  an 
extracellular  recognition  domain.  Introduction  of 
a  chimeric  gene,  consisting  of  the  £  chain  of  the 
T-cell  receptor  and  a  single  chain  antibody  do¬ 
main,  into  cytotoxic  T-lymphocytes  results  in 
T-cells  with  a  predetermined  recognition  specific¬ 
ity  for  particular  tumor  cells  with  the  following 
characteristics.  First,  retrovirally  mediated  gene 
transduction  used  to  introduce  chimeric  £  chain 
constructs  into  in  vitro  activated  T-lymphocytes 
leads  to  a  high  gene  transduction  efficiency  into 
primary  T-cells.  Second,  these  primary  T-cells  as¬ 
sume  a  predetermined  specificity  for  target  cell 
recognition  and  lysis.  Third,  the  MHC  restriction 
of  target  cell  recognition  can  be  avoided  and  tu¬ 
mor  cells  recognized  by  the  single  chain  antibody 
domain  are  lysed.  Fourth,  the  production  and 
provision  of  tumor  cell-specific  T-lymphocytes 
may  not  be  sufficient  to  eradicate  large  tumors 
in  vivo,  because  certain  tumors  secrete  transform¬ 
ing  growth  factor  P  and  thereby  suppress  lympho¬ 
cyte  activity  [142]. 

The  monoclonal  antibody  1.1ASML,  which  recog¬ 
nizes  a  CD44v6  epitope,  interferes  with  metastatic 
dissemination  of  a  rat  pancreatic  carcinoma.  The 


single  chain  antigen  binding  fragment  of  this  anti¬ 
body  was  fused  to  the  £  chain  of  the  T-cell  recep¬ 
tor  complex  and  expressed  in  murine  cytotoxic  T- 
lymphocytes.  The  resulting  cellular  clones  were 
not  MHC-restricted  in  their  CD44v6  recognition 
and  exhibited  in  vitro  lytic  activity  toward 
CD44v6  positive  cells.  Tumor  cell  xenografts 
grown  in  athymic  nude  mice  were  suppressed  in 
their  growth  upon  infusion  of  the  genetically  ma¬ 
nipulated  cytotoxic  T-lymphocytes  [143].  The 
CD44  variant  exon  7  may  laterally  engage  integrin 
Pi  in  the  cell  membrane  and  act  as  an  osteopontin 
receptor  (see  Section  7).  An  epitope  encoded  by 
sequences  of  the  variant  exons  7  and  8  is  recog¬ 
nized  by  the  monoclonal  antibody  VFF17.  Its  sin¬ 
gle  chain  antibody  binding  fragment  was  fused  to 
the  T-cell  antigen  receptor  £  chain  and  introduced 
into  a  cytotoxic  T-cell  line  by  retroviral  gene 
transfer.  Recombinant  clones  expressed  the  fusion 
protein  on  their  cell  surface  and  lysed  CD44v7-8 
expressing  target  cells  specifically  and  MHC-inde- 
pendently.  Cervical  cancer  cells,  which  express 
CD44v7-8,  were  efficiently  lysed  by  these  geneti¬ 
cally  engineered  cytotoxic  T-lymphocytes  [144]. 


7.  The  receptor  integrin  avfo  as  target  for 
cancer  therapy 

The  roles  of  integrin  avP3  in  cancer  include  inva¬ 
sion  of  tumor  cells,  osteoclast  activation  in  lytic 
bone  metastases,  and  neovascularization.  The  ligand 
osteopontin  may  contribute  substantially  to  all  func¬ 
tions  and  interference  with  their  interaction  may 
profoundly  curtail  the  dissemination  of  various  can¬ 
cers. 

7.7.  Modulation  of  integrin  CCyfc  expression  on 
tumor  cells 

Exposure  to  steroids  may  suppress  integrin  avp3 
expression.  Regarding  the  use  of  steroids  in  cancer 
treatments,  however,  it  is  important  to  consider  the 
multitude  of  effects  on  the  host  and  the  tumor  (see 
Section  4.1).  According  to  experiments  with  osteo¬ 
blasts,  short-term  exposure  of  cells  to  dexamethasone 
may  increase  the  expression  of  integrin  avfc;  how¬ 
ever,  long-term  exposure  to  this  glucocorticosteroid 
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downregulates  integrin  0^3  expression.  In  cell  cul¬ 
ture,  levels  of  mRNA  for  the  otv  chain  are  elevated 
during  the  first  1-3  days  followed  by  inhibition.  In 
contrast,  mRNA  levels  for  the  P3  chain  are  decreased 
at  all  time  points.  Furthermore,  after  an  8-day  treat¬ 
ment,  degradation  of  both  RNA  messages  is  acceler¬ 
ated  [145], 

The  expression  of  integrin  avp3  has  been  sup¬ 
pressed  experimentally  by  transfection  of  a  construct 
encoding  an  intracellular  single  chain  antibody  di¬ 
rected  to  the  <Xv  chain.  Saos-2  osteosarcoma  cells 
were  transfected  with  an  expression  plasmid  coding 
for  an  intracellular  single  chain  antibody  to  the  av 
integrin  subunit.  They  showed  an  approximately 
70-100%  decrease  in  the  cell  surface  expression  of 
integrins  avP3  and  avPs.  Intracellular  antibody 
expression  had  no  effect  on  the  integrin  av  mRNA 
levels  and  translation  of  the  precursor  av  integrin 
subunit  was  not  affected.  However,  the  matura¬ 
tion  of  av  integrins  as  glycoproteins  was  slow  sug¬ 
gesting  that  the  transport  from  endoplasmic  reticu¬ 
lum  to  Golgi  complex  was  partially  prevented. 
Depletion  of  av  integrins  from  Saos-2  cells  led  to  a 
decreased  ability  to  spread  on  fibronectin  and  vitro¬ 
nectin  [146], 

7.2.  Inhibition  of  receptor  ligation  by  osteopontin 

As  described  above  (Section  6.2),  two  principal 
strategies  for  inhibiting  receptor  ligation  are  based 
on  the  use  of  antibodies  (1)  and  synthetic  peptides 
(2).  Various  peptide  inhibitors  of  integrin  avP3  have 
been  isolated  as  disintegrins  from  snake  venom.  A 
special  case  for  an  inhibitory  peptide  is  the  collagen 
IV  fragment  tumstatin  because  it  acts  as  an  endoge¬ 
nous  regulator.  Chemical  peptide  mimetics  (3)  are 
also  available  for  the  inhibition  of  integrin  avP3  li¬ 
gation.  In  contrast,  the  heterodimeric  structure  of 
integrin  receptors  makes  the  use  of  soluble  receptors 
more  difficult  than  it  would  be  in  the  case  of  single 
chain  receptors. 

1.  The  monoclonal  anti-integrin  avP3  antibody  17E6 
is  effective  in  preventing  the  growth  of  melanomas 
through  direct  action  on  the  tumors  [147],  Indirect 
effects  may  also  contribute.  Tumor-induced  angio¬ 
genesis  promotes  vascular  cell  entry  into  the  cell 
cycle  and  expression  of  integrin  avfo.  A  single 


dose  of  monoclonal  antibody  (LM609)  to  this  in¬ 
tegrin  induces  apoptosis  of  the  proliferative  angio¬ 
genic  blood  vessel  cells  and  leads  to  tumor  regres¬ 
sion.  Tumors  treated  with  LM609  contain 
significantly  fewer  blood  vessels  and  are  consider¬ 
ably  less  invasive  than  controls.  This  is  also  the 
case  for  tumors  that  do  not  express  this  integrin, 
suggesting  that  the  effect  is  due  to  inhibition  of 
the  integrin  receptors  expressed  on  proliferating 
endothelial  cells  [25,148].  The  intravenous  admin¬ 
istration  of  the  chimeric  antibody  c7E3  Fab  has 
been  considered  in  coronary  angioplasty  to  pre¬ 
vent  smooth  muscle  cell  adhesion  on,  and  migra¬ 
tion  to,  vitronectin  and  osteopontin.  The  combi¬ 
nation  of  anti-integrin  avPs  antibody  and  c7E3 
Fab  had  a  greater  effect  than  either  antibody 
alone.  PDGF-induced  smooth  muscle  cell  migra¬ 
tion  was  also  inhibited  by  c7E3  Fab  and  LM609, 
but  to  a  much  lesser  extent  [149],  This  antibody 
combination  may  also  suppress  angiogenesis  in 
tumors. 

2.  A  cyclic  RGD  peptide  prevents  the  growth  of  mel¬ 
anomas  through  direct  action  on  the  tumors  [147]. 
Vascular  cells  stimulated  to  enter  the  cell  cycle 
undergo  apoptosis  in  the  presence  of  integrin 
avp3  antagonists,  such  as  a  cyclic  peptide  (203, 
RGDfV)  but  not  with  a  control  peptide  (601, 
RADfV)  [25].  In  vivo  screening  of  a  phage  peptide 
library  for  motifs  that  home  to  tumor  vasculature, 
independent  of  tumor  type,  identified  the  sequence 
CDCRGDCFC,  which  binds  selectively  to  integ¬ 
rins  avP3  and  avPs.  When  coupled  to  the  anti¬ 
cancer  agent  doxorubicin,  this  peptide  enhanced 
the  efficacy  of  the  drug  suggesting  that  it  is  possi¬ 
ble  to  target  chemotherapy  to  the  tumor  vascula¬ 
ture  [26]. 

The  collagen  fragment  tumstatin  (a3(IV)NCl  do¬ 
main,  non-collagenous  1  domain  of  the  a3  chain 
of  type  IV  collagen)  possesses  C-terminal  (amino 
acids  185-203)  anti-tumor  activity.  The  185-203 
amino  acid  sequence  is  a  ligand  for  integrin 
avP3,  which  binds  both  endothelial  cells  and  mel¬ 
anoma  cells  but  only  inhibits  the  proliferation  of 
melanoma  cells.  Tumstatin  (a3(IV)NCl  domain) 
also  possesses  an  N-terminal  (amino  acids  54-132) 
anti-angiogenic  activity.  While  this  fragment  binds 
both  endothelial  cells  and  melanoma  cells,  it  in¬ 
hibits  the  proliferation  of  endothelial  cells  with  no 


76 


G.F.  Weber  I  Biochimica  et  Biophysica  Acta  1552  (2001)  61-85 


effect  on  tumor  cell  proliferation.  The  two  distinct 
RGD-independent  binding  sites  on  tumstatin  im¬ 
ply  unique  integrin  avp3-mediated  mechanisms 
governing  its  two  distinct  anti-tumor  properties 
[150], 

Several  snake  venoms  inhibit  platelet  aggregation 
by  blocking  integrin  receptors.  Through  the  same 
mechanism,  they  may  also  inhibit  cancer  cell  ad¬ 
hesion  and  invasion.  Contortrostatin  is  a  unique 
dimeric  disintegrin  isolated  from  southern  copper¬ 
head  snake  venom,  which  antagonizes  integrins 
OC5P1,  otnb P3,  otvP3,  and  avPs.  and  prevents  the 
invasion  of  cancer  cells  through  matrigel  [151]. 
The  snake  venom  echistatin  inhibits  integrin 
ayp3 -dependent  osteoclastic  bone  resorption. 
The  use  of  small,  echistatin-derived  peptide  drugs 
has  been  suggested  for  the  treatment  of  osteolytic 
bone  metastases  [152], 

3.  A  synthetic  chemical  peptide  mimetic,  P-[2-[[5- 
[(aminoiminomethyl)amino]- 1  -oxopentyl]amino]- 
l-oxoethyl]amino-3-pyridinepropanoic  acid,  bistri- 
fluoroacetate  (SC-56631),  recognizes  integrins 
<Xvp3,  avPs,  and  less  effectively  otvPi  [54]  and 
may  be  suitable  as  cancer  therapeutic.  The  com¬ 
pound  can  also  block  bone  resorption  and  platelet 
P3  integrins,  however,  no  bleeding  was  observed  in 
rats  that  were  administered  the  drug  for  6  weeks. 
The  two  synthetic  peptidomimetic  antagonists  SC- 
56631  and  SC-65811  inhibit  osteoclast  adhesion  to 
osteopontin-  and  vitronectin-coated  surfaces  and 
induce  rapid  retraction  of  osteoclasts  from  immo¬ 
bilized  osteopontin  [153],  a  mechanism  relevant  to 
lytic  bone  metastases. 

7.3.  Inhibition  of  integrin  (Xyfit  associated  signal 

transduction  following  engagement  by  osteopontin 

Signal  transduction  through  integrin  receptors  de¬ 
pends  in  part  on  cell  morphology  and  may  proceed 
in  two  phases  (Fig.  2).  Haptotaxis  (‘cell  crawling’)  on 
osteopontin,  mediated  by  integrin  avP3,  is  dependent 
on  PKC  activity.  Once  the  cell  reaches  the  highest 
concentration  of  the  ligand,  it  spreads  and  additional 
signal  transduction  pathways,  associated  with  PI  3- 
kinase  and  MAP  kinase,  are  activated  (S.  Ashkar 
and  G.F.  Weber,  unpublished  results).  Integrin 
(XvP3-dependent  cell  spreading  on  osteopontin  is 
mediated  by  two  principal  pathways.  Firstly,  the  cas¬ 


cade  integrin  avp3  -»  pl25  FAK/c-Src->PI  3-kinase, 
enhanced  by  a  trimolecular  complex  of  paxillin, 
FAK,  and  Csk,  leads  to  rearrangement  of  actin 
and  gelsolin.  Secondly,  the  pathway  FAK/c- 
Src-»Grb->Sos->Ras,  enhanced  by  FAK paxil¬ 
lin  -»  Crk  ->  C3G  ->  Ras,  leads  to  MAP  kinase  activa¬ 
tion,  gene  expression,  and  cytoskeletal  changes  [1 54- 
156], 

As  detailed  in  Section  4.2,  inhibitors  of  PKC  are 
under  study  as  growth  suppressors  and  they  may 
downregulate  osteopontin  gene  expression.  Their  in¬ 
hibition  of  integrin  avfo-mediated  haptotaxis  could 
represent  an  additional  beneficial  mechanism.  Inves¬ 
tigations  into  tumor  spread  should  be  included  in  the 
evaluation  of  the  efficacy  of  PKC  inhibitors  in  cancer 
treatment.  PI  3-kinase  and  Src  are  proto-oncogenes 
that  also  provide  suitable  targets  for  tumor  therapy. 
Their  inhibition  may  curtail  integrin-dependent 
mechanisms  of  tumor  invasion. 


8.  Integrin  Pi  receptors  as  therapeutic  targets 

The  interaction  between  osteopontin  and  Pi  integ¬ 
rins  is  unusual  insofar  as  it  represents  binding  to  an 
integrin  independently  of  the  RGD  motif.  Collagen 
type  IV  is  a  major  component  of  the  basal  lamina  of 
blood  vessels.  Soluble  non-collagenous  (NCI)  do¬ 
mains  of  the  a2(IV),  a3(IV),  and  a6(IV)  chains  of 
human  collagen  type  IV  negatively  regulate  angio¬ 
genesis  and  tumor  growth.  These  NCI  domains  in¬ 
hibit  endothelial  cell  adhesion  and  migration  by  dis¬ 
tinct  av  and  pi  integrin-dependent  mechanisms. 
Systemic  administration  of  recombinant  a2(IV), 
a3(IV),  and  a6(IV)  NCI  domains  potently  inhibits 
angiogenesis  and  tumor  growth,  whereas  al(IV), 
a4(IV),  and  a5(IV)  show  little,  if  any,  effect  [157], 


9.  Conclusions 

In  current  clinical  practice,  suppression  of  tumor 
growth  is  the  primary  target  of  anti-cancer  therapy. 
This  causes  undesired  effects  on  other  proliferating 
tissues,  leading  for  example  to  hair  loss  and  vomit¬ 
ing.  In  addition,  DNA  damaging  anti-proliferative 
agents  themselves  have  carcinogenic  potential.  These 
regimens  also  affect  only  a  small  fraction  of  molec- 
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ular  events  that  are  necessary  for  the  malignant 
transformation  of  cells,  suggesting  that  therapeutic 
effectiveness  could  be  improved  by  broadening  the 
armamentarium  to  also  combat  immortalization 
and  dissemination. 

The  molecular  machinery  of  metastasis  formation 
represents  suitable  targets  for  intervention.  Because 
the  molecules  involved  comprise  receptors  and  solu¬ 
ble  mediators,  they  are  more  readily  reached  by 
pharmaceuticals  than  intracellular  drug  targets.  In 
addition,  since  metastasis  genes  are  stress  response 
genes,  their  expression  in  the  adult  healthy  organism 
is  very  restricted  so  that  unwanted  effects  associated 
with  their  inhibition  may  be  limited. 

While  the  identity  of  relevant  metastasis  molecules 
(homing  receptors  and  their  specific  ligands)  depends 
on  the  origin  of  the  cancer,  osteopontin  and  its  re¬ 
ceptors  figure  prominently  in  a  wide  spectrum  of 
malignancies.  Drugs  that  target  osteopontin-depen- 
dent  mechanisms  could  potentially  support  the  clin¬ 
ical  intervention  against  multiple  tumors  (Table  2). 
In  this  review,  we  set  out  to  identify  molecular  pro¬ 
cesses,  associated  with  osteopontin  functions  in  can¬ 
cer,  which  could  be  subject  to  therapeutic  modula¬ 
tion.  Some  of  the  connections  outlined  appear 
specific  and  suitable  as  drug  targets.  This  is  the 
case  for  the  ligation  of  integrin  avP3,  for  which  in¬ 
hibitors  are  under  study  as  lead  anti-cancer  com¬ 
pounds.  In  other  cases,  such  as  the  reversal  of  the 
malignant  phenotype  by  suppression  of  osteopontin 
RNA  with  antisense  probes  or  ribozymes,  experi¬ 
mental  proof  of  principle  has  been  obtained,  but 
lead  compounds  for  drug  development  are  not  yet 
available.  Similarly,  inhibition  of  several  activated 
oncogene  products,  including  Ras  and  Src,  would 
curb  not  only  cell  cycle  progression  but  also  the  in¬ 
duction  of  osteopontin.  Suitable  drug  candidates  are, 
however,  sparse.  Naturally,  many  components  in  the 
cascade  of  osteopontin-dependent  migration  and  in¬ 
vasion  of  malignant  cells  do  not  represent  promising 
targets  for  therapeutic  intervention.  They  include  the 
enzymes  involved  in  posttranslational  modifications 
and  many  signal  transduction  molecules,  all  of  which 
contribute  to  a  diverse  array  of  biological  functions, 
whose  suppression  is  likely  to  be  harmful.  Further 
studies  are  needed  to  define  osteopontin  associated 
drug  targets  and  to  translate  these  insights  into  effec¬ 
tive  anti-cancer  agents. 
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ABSTRACT 

To  test  the  role  of  the  CD44  gene  In  tumorigenesis,  mice  with  the  min 
mutation  of  the  APC  gene  or  with  the  tml  mutation  of  the  p53  gene  were 
crossed  with  CD44  knockout  mice.  The  absence  of  CD44  gene  products  did 
not  affect  tumor  incidence  or  survival;  however,  mice  with  disruption  of 
the  CD44  gene  showed  virtually  aborted  metastasis  formation  of  osteosar¬ 
comas.  This  is  in  agreement  with  the  role  attributed  to  CD44  variants  in 
the  spread  of  cancer.  Therefore,  CD44  gene  products  are  not  essential  for 
tumor  incidence  and  growth  but  are  important  in  regulating  metastasis 
formation. 

INTRODUCTION 

The  transmembrane  glycoprotein  CD44  is  expressed  on  lympho¬ 
cytes  and  macrophages.  It  serves  as  a  homing  receptor  that  mediates 
binding  to  high  endothelial  venules  and  has  also  been  implicated  in 
lymphoid  development.  Lymphocyte  activation  results  in  the  expres¬ 
sion  of  multiple,  alternatively  spliced  products  of  the  CD44  gene, 
which  are  generated  by  the  insertion  of  <10  variant  exons  into  the 
extracellular  domain.  In  pathophysiology,  aberrant  expression  of  cer¬ 
tain  CD44  splice  variants  has  been  connected  causally  to  the  spread  of 
diverse  malignant  cells  (1,2)  and  may  distinguish  metastasizing  from 
nonmetastasizing  tumors.  This  function  is  mediated  by  the  cytokine 
ligand  osteopontin  (3).  Additional  roles  in  carcinogenesis  have  been 
attributed  to  various  forms  of  CD44.  Expression  of  this  receptor  on 
tumor  cells  may  support  tumor  growth  (4,  5),  possibly  after  adhesion 
to  hyaluronate,  and  signal  transduction  through  CD44  can  induce 
oncogenes,  such  as  ras  (6).  In  contrast,  the  standard  form  that  lacks 
variant  exons  may  exert  suppression  of  tumor  growth  and  dissemina¬ 
tion  (7).  The  contributions  of  these  diverse  CD44  functions  to  carci¬ 
nogenesis  are  not  fully  elucidated. 

Despite  ample  experimental  evidence  for  a  role  of  some  forms  of 
CD44  in  malignancy,  clinical  studies  relating  expression  of  CD44  or 
its  variants  to  prognosis  in  diverse  cancers  have  remained  controver¬ 
sial  (8).  Nonconclusive  results  in  patients  may  have  been  obtained 
because  of  insufficient  sensitivity  or  specificity  of  the  analyses.  Thus, 
the  measurements  of  mRNA  for  specific  CD44  variants  expressed  by 
tumors  do  not  detect  posttranslational  modifications  that  may  affect 
function  (9).  Furthermore,  the  CD44  receptor  expressed  on  tumors 
represents  one  component  of  a  functional  pair.  Specific  ligands  may 
bind  to  selective  splice  variants,  so  that  the  availability  of  these 
ligands  contributes  to  determining  the  phenotype.  Similarly,  many 
conventional  rodent  models  of  malignancies  are  compromised  be¬ 
cause  they  rely  on  the  injection  of  preformed  tumor  cells,  often  in 
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nonphysiological  locations,  rather  than  on  the  generation  of  endoge¬ 
nous  tumors.  We  set  out  to  analyze  the  role  of  CD44  in  a  genetically 
defined  and  homogeneous  system,  which  most  closely  resembles  the 
pathophysiology  of  human  cancers.  Mouse  models,  where  the  role  of 
individual  genes  is  tested  by  breeding  the  relevant  gene-targeted  mice 
with  mice  that  have  high  susceptibility  to  tumors  because  of  mutations 
in  tumor  suppressor  genes,  have  provided  substantial  insights.  We 
used  two  endogenous  tumor  models  using  mice  with  point  mutations 
in  tumor  suppressor  genes  with  or  without  targeted  deletion  of  the 
CD44  gene:  Mice  with  the  APC+/,nin  genotype  display  a  predisposi¬ 
tion  to  multiple  intestinal  neoplasia.  The  murine  min  mutation  is  a 
nonsense  mutation,  which  is  analogous  to  mutations  found  in  human 
autosomal  dominantly  inherited  familial  adenomatous  polyposis,  as 
well  as  in  sporadic  colorectal  cancers  (10).  APC+/min  mice  develop 
multiple  benign  intestinal  tumors,  whose  growth  reflects  early  steps  of 
transformation.  Mutations  of  the  p53  gene  contribute  to  the  pathogen¬ 
esis  of  a  large  percentage  of  human  cancers.  Similarly,  mice  with  one 
mutant  allele  of  the  p53  gene  are  susceptible  to  a  larger  spectrum  of 
tumors,  predominantly  sarcomas  and  lymphomas.  These  mice  allow 
the  investigation  of  malignant  dissemination. 

MATERIALS  AND  METHODS 

Mice.  Mice  with  point  mutations  in  tumor  suppressor  genes,  APC+/m,n  bred 
on  C57B1/6  background  or  trp53+/tml  on  C57B1/6  background,  were  obtained 
from  The  Jackson  Laboratory.  Either  APC+/min  mice  or  trp53+/tml  mice  were 
mated  with  CD44_/“  mice  that  had  been  back-crossed  from  129  to  C57BL/6 
for  four  generations  (10).  The  genotypes  were  assessed  using  PCR  from 
genomic  DNA  (10-12),  and  CD44  expression  was  confirmed  by  flow  cyto¬ 
metry  from  blood  samples  using  the  pan-CD44  antibody  1M7  (PharMingen). 
Siblings  were  housed  in  groups  of  one  to  four  per  cage  at  the  Redstone  Animal 
Facility  (DFCI)  in  alternate  12-h  light  and  dark  cycles.  A  diet  of  pelleted  chow 
(Agway,  Prolab  3000)  and  bottled  water  was  administered  ad  libitum,  and 
room  temperature  was  kept  at  25°C.  The  colony  was  tested  frequently  for 
endoparasitic  and  ectoparasitic  infections,  as  well  as  for  bacterial  and  viral 
infections  by  the  Charles  River  Labs  (Wilmington,  MA).  No  infection  was 
detected  during  the  course  of  this  study.  Permission  to  exceed  a  tumor  diameter 
of  2  cm  was  granted  by  the  institutional  animal  care  and  use  committee,  and 
the  mice  were  seen  frequently  by  a  veterinarian. 

Inheritance.  Mice  with  disrupted  CD44  genes  were  mated  with  het¬ 
erozygotes  for  point  mutations  of  the  relevant  tumor  suppressor  gene, 
yielding  mice  that  were  hemizygous  for  CD44  and  either  wild  type  or 
heterozygous  for  the  tumor  suppressor  gene.  Those  two  genotypes  were 
interbred,  which  is  expected  to  result  in  equal  12.5%  representation  of  the 
genotypes  of  interest  according  to  Mendelian  inheritance  (the  remaining 
2  X  25%  are  CD44+/“).  The  litters  from  this  second  generation  mating 
were  screened.  In  the  p53-related  part  of  the  study,  292  mice  were 
analyzed,  of  which  16  were  trp53+/+CD44+/+,  36  mice  were 
trp53+/+CD44-/“,  24  mice  had  the  genotype  trp53+/tmlCD44+/+,  and  26 
mice  had  the  genotype  trp53+/tmlCD44_/“.  In  the  APC-related  part  of  the 
study,  217  mice  were  screened  with  the  distribution  of  APC+/+CD44+/+ 
21  mice,  APC+/+CD44~/“  20  mice,  APC+/minCD44+/+  10  mice,  and 

ApC+/minCD44-/-  15  mice 

Because  of  the  incomplete  back-crossing  from  129  to  C57B1/6,  it  is  formally 
possible  that  a  polymorphic  modifier,  linked  to  the  CD44  locus,  segregates 
with  it  and  supersedes  the  influence  of  CD44  on  tumor  development  The 
tumor  susceptibility  locus  Sccl  might  be  a  candidate  (13).  This  is  unlikely, 
because  quantitative  trait  loci,  including  Scc-1,  depend  strongly  on  interlocus 
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interactions  for  influencing  tumorigenesis  (14).  Cosegregation  of  one  modifier 
could  not  affect  the  phenotype.  It  is  generally  improbable  that  genomic 
heterogeneity  would  account  for  the  observations  described  here,  because  97% 
of  the  genome  are  derived  form  the  C57B1/6  strain. 

Necropsy.  The  animals  were  checked  at  least  every  12  h,  and  total  ne¬ 
cropsy  was  performed  on  mice  found  moribund  Organs  were  fixed  in  forma¬ 
lin,  and  H&E  slides  were  prepared  for  histological  analysis.  Histological 
evaluation  was  performed  by  an  investigator  blinded  to  the  CD44  status  of  the 
samples. 

Osteosarcoma  metastases  were  observed  in  livers,  lungs,  and  occasionally 
spleens.  Enumeration  of  osteosarcoma  metastases  was  performed  on  step 
sections  from  livers  and  lungs.  For  this  purpose,  every  10th  microtome  cut 
corresponding  to  a  step  thickness  of  60  jim  was  analyzed. 

Immunohistochemistry.  CD44  expression  on  osteosarcomas  was  assessed 
by  immunohistochemistry  with  antibody  KM  114  after  antigen  retrieval  with 
citrate.  Staining  was  done  with  3,3'-diaminobenzidine.  Staining  of  all  tumor 
samples  with  secondary  antibody  served  as  negative  control,  and  a  normal 
mouse  spleen  was  used  as  a  positive  control  (data  not  shown). 

Enumeration  of  Intestinal  Polyps.  Entire  intestines  from  stomach  to  rec¬ 
tum  were  extracted,  washed  in  PBS,  and  fixed  in  10%  buffered  formalin,  and 
the  number  of  polyps  was  counted  under  a  dissection  microscope.  As  controls, 
intestines  from  3  APC+/+CD44+/+  mice  at  the  ages  of  420-442  days  and  3 
APC+/+CD44”/~  mice  at  the  ages  of  433-442  days  were  examined  for 
spontaneous  polyps. 

Statistical  Evaluation.  The  data  sets  were  analyzed  for  statistically  signif¬ 
icant  differences  at  95%  confidence  by  t  test  (after  confirmation  of  normal 
distribution  and  equal  variance)  and  by  Wilcoxon  Mann- Whitney  test  (after 
testing  for  equal  distribution).  The  prerequisites  for  applicability  of  either  test 
were  not  fulfilled  for  the  metastasis  data.  They  were  analyzed  for  equal 
variance  by  the  Cochran  test. 


RESULTS 

Absence  of  CD44  Prevents  Tumor  Metastasis.  Because  aberrant 
expression  of  CD44  splice  variants  may  confer  a  malignant  phenotype  to 
tumor  cells,  we  asked  whether  the  targeted  deletion  of  the  CD44  gene 
was  sufficient  to  suppress  the  dissemination  of  solid  tumors.  Osteosar¬ 
comas  developed  mostly  on  the  lower  back.  One  trp53+/tm1CD44_/_ 
mouse  had  an  osteosarcoma  of  the  skull.  Metastases  were  detected  in  the 
lungs  and  livers  from  trp53+/tml  mice  with  osteosarcoma.  Step  sections 
from  livers  and  lungs  identified  28  metastases  in  6  CD44+/+  mice  and  1 
metastasis  in  4  CD44_/“  mice  (Fig.  1).  One  CD44+/+  mouse  also 
displayed  a  macroscopically  visible  metastasis  in  the  spleen.  All  6 
CD44+/+  mice  had  multiple  osteosarcoma  metastases,  whereas  in  4 
CD44_/~  mice,  only  one  individual  lung  metastasis  was  detected.  Con¬ 
sistently,  CD44  expression  was  prominent  in  the  osteosarcomas  of 
CD44+/+  mice  (Fig.  2). 

Absence  of  CD44  Does  Not  Alter  the  Phenotype  of  Benign 
Tumors.  The  intestinal  polyps  caused  by  mutation  in  the  APC 
gene  grow  noninvasively  but  express  various  splice  variants  of 
CD44.  This  occurs  at  the  earliest  stages  of  transformation  diag¬ 
nosed  as  aberrant  crypt  foci  with  dysplasia  (15).  Histology  was 
performed  on  the  largest  intestinal  polyps  from  each  APC+/nMn 
mouse  to  assess  malignancy.  Consistent  with  previous  reports, 
these  tumors  are  nonin vasive  as  judged  by  intact  basement  mem¬ 
branes  in  all  cases  (Fig.  3).  No  metastases  were  observed  in  other 
organs  (three  histological  sections  per  organ).  These  results  were 
not  affected  by  the  presence  or  absence  of  CD44.  Histological 
findings  included  ectopic  hepatic  hematopoiesis  and  bone  marrow 


Fig.  1.  Tumor  invasiveness.  A-F,  osteosarcomas 
in  trp53+/trnl  mice  and  their  metastases  in  lungs 
and  liver.  A,  primary  tumor  in  CD44+/+  back¬ 
ground;  B.  representative  lung  metastasis  in 
CD44+/+  background;  C,  representative  liver  me¬ 
tastasis  in  CD44+/+  background;  D,  primary  tumor 
in  CD44-/“  background;  E,  only  metastasis  de¬ 
tected  in  CD44~/_  background  (H&E);  F,  inci¬ 
dence  of  metastases  in  livers  and  lungs  from  osteo¬ 
sarcoma  bearing  mice. 


LUNG  METASTASIS  p53+*»»l  CD44+/+ 


2282 


CD44  IN  METASTASIS 


Fig.  2.  Expression  of  CD44.  ^4  and  B,  immuno- 
histochemistty  fra”  CD44  expression  in  osteosarcomas 
from  a  txp53+/in"  CD44+/+  (>4)  and  a  trp53+/tml 
CD44“/_  mouse  ( B ).  In  C  and  D.  typing  of  the 
mice  was  performed  by  flow  cytometry  with  FITC- 
anti-CD44  on  spleen  cells  and  lymph  node  cells 
(data  not  shown)  and  by  PCR  on  genomic  DNA 
with  published  primers  (11);  C,  CD44+/+;  D, 


C  SPLEEN  CD44+/+  GENOMIC  D  GENOMIC  SPLEEN  CD44W' 


Apr+/min  CD44+/+ 


APC+/min  CD44  7 


Fig.  3.  Intestinal  polyps  caused  by  the  min  mutation  of  the  APC  gene  are  not  invasive. 
Histology  of  representative  intestinal  polyps  from  APC+/m,n  mice.  The  largest  polyp  from 
each  intestine  was  sectioned  in  the  middle  and  stained  with  H&E  for  histological 
assessment  of  signs  for  malignancy.  Regardless  of  the  presence  of  the  CD44  gene,  the 
basement  membrane  remains  intact  (cimnw).  A.  CD44+/+;  B.  CD44~/_. 


siderosis  in  several  mice,  which  are  likely  attributable  to  blood  loss 
through  the  intestinal  polyps. 

CD44  Does  Not  Affect  Tumor  Incidence.  We  tested  whether 
deletion  of  the  CD44  gene  alters  tumor  incidence  as  judged  by  the 
number  of  intestinal  polyps  in  mice  with  one  mutated  APC  allele.  All 
APC+/min  mice  succumbed  to  intestinal  polyposis.  At  the  time  of 
death,  APC+/,nm  mice  had  developed  around  a  mean  of  66  polyps  in 
CD44+/+  background  and  58  polyps  in  CD44-/“  background  (Fig. 
4),  suggesting  that  the  tumor  development  in  this  model  does  not 
depend  on  the  presence  of  CD44  gene  products. 

Mice  with  the  trp53+/tml  genotype  developed,  predominantly,  sarco¬ 
mas  and  lymphomas.  The  mesenchymal  tumors  were  diagnosed  as  fibro¬ 
sarcomas,  osteosarcomas,  hemangiosarcomas,  and  histiocytic  sarcomas. 
Their  incidence,  associated  life  span,  and  tumor  weight  on  death  were  not 
affected  by  the  presence  or  absence  of  the  CD44  gene  (Table  1).  Like  the 
osteosarcomas,  the  fibrosarcomas  were  located  mostly  on  the  lower  back. 


Fig.  4.  Tumor  incidence.  The  numbers  of  intestinal  polyps  were  counted  in  APC+/mm 
mice  at  the  end  of  their  life  span  (average  209  days  for  10  APC+/mmCD44+/+  mice  and 
236  days  for  15  APC+/ni'"CD44w~  mice).  The  incidence  of  spontaneous  polyps  was 
assessed  at  an  average  of  433  days  for  3  APC+/+CD44+/+  mice  and  437  days  for  3 
APC+'+CD44"/_  mice.  Symbols,  individual  data  points;  mean  values  are  presented  as 
horizontal  lines. 
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Table  1  Characterization  of  solid  tumors  in  trp53+/nn>  mice.  Incidence,  associated  life  span,  and  tumor  weight  at  the  time  of  death  are  specified  for  each  histologic  type  of 
sarcoma  for  CD44+/+  and  CD44~'~  genetic  background.  Life  sjxin  and  tumor  weight  are  indicated  as  mean  ±  standard  error. 


Tumor 

Incidence 

Life  span 

Weight 

Osteosarcoma 

trp53tm,/+CD44+/+ 

6  (25%)  5f,lmfl 

532  ±  30  days  P  >  0.05 

7.7  ±  2.4  grams  P  >  0.05 

tjpS? m,/+CD44”/” 

4(15%)  3  f,  1  m 

467  ±  56  days 

6.1  ±  1.7  grams 

Fibrosarcoma 

tip53tml/+CD44+/+ 

7  (29%)  4  f,  3  m 

410  ±23  days  P  >  0.05 

21.9  ±  5.0  grams  P  >  0.05 

tip53tml/+CD44_/~ 

7  (27%)  5  f,  2  m 

403  ±  30  days 

12.3  ±  2.9  grams 

Hemangiosarcoma 

trp53faTll/+CD44+/4' 
trp53tml/ 1  CD44  ' 

3  (12%)  2  f,  1  m 

0  (0%) 

304  ±51  days 

10.7  ±  8.1  grams 

trp53+/+CD44~/_ 

1  (3%)  1  m 

595  days 

2.9  grams 

Histiocytic  sarcoma 

trp53tml/+CD44+/+ 

2  (8%)  2  m 

589/590  days 

ttp53tm,/+CD44"/" 

1  (4%)  1  f 

420  days 

tip53+/+CD44+/+ 

1  (6%)  1  m 

600  days 

ai  =  female;  m  =  male. 


Sporadic  carcinomas  also  occurred  in  trp53+/tmI  mice  independently 
of  their  CD44  status  with  one  case  of  squamous  cell  carcinoma  in  a 
trp53+/tmicD44+/+  mouse  and  0ne  incident  of  lung  carcinoma  among 
the  trp53 +/tml  CE>44 “/_  mice  (Fig.  5). 

There  were  four  cases  (17%)  of  lymphoma,  typical  of  those  ob¬ 
served  in  p53+/tm1  mice  (12, 16),  in  trp53+/tmlCD44+/+  mice  with  an 
associated  mean  life  span  of  445  days.  In  comparison,  there  were  six 
cases  (23%)  of  lymphomas,  resembling  anaplastic  large  cell  lympho- 


SQUAMOUS  CELL  CARCINOMA 
(trp53+/tinl  CD44+/+) 


LUNG  CARCINOMA 
(trp53+/tml  CD44  ) 


Fig.  5.  Carcinomas  in  mice  with  one  mutant  p53  allele.  Histology  of  sporadic  carci¬ 
nomas  in  up53+/tml  mice,  including  a  squamous  cell  carcinoma  (CD44+/+;  top)  and  a 
lung  carcinoma  (CD44  '  ;  bottom).  The  slides  are  stained  with  H&E. 


mas  (17),  in  trp53+/tmlCD44-/“  mice  with  an  associated  life  span  of 
503  days  (data  not  shown).  The  morphology  of  the  lymphoid  malig¬ 
nancies  in  CD44_/_  mice  appeared  unusual  but  requires  further 
characterization. 

Five  mice  with  one  mutant  p53  allele  had  multiple  tumors.  In 
trp53+/tmlCD44+/+  mice,  one  osteosarcoma  occurred  together  with  a 
histiocytic  sarcoma.  Frequently,  lymphomas  were  diagnosed  in  con¬ 
junction  with  solid  tumors.  One  trp53+/tm,CD44+/+  mouse  had  lym¬ 
phoma  and  osteosarcoma.  In  trp53+/tm,CD44_/_  mice,  lymphoma 
was  seen  in  conjunction  with  osteosarcoma,  fibrosarcoma,  and  histi¬ 
ocytic  sarcoma  in  one  case  each. 

CD44  Does  Not  Affect  Survival.  The  mice  with  one  mutant  allele 
of  the  APC  gene  developed  symptoms  of  ruffled  fur,  bloated  abdo¬ 
men,  and  black  stools  followed  by  lethargy  and  succumbed  around  a 
mean  of  209  days  (range  133-350  days)  of  age,  for  CD44+/+  back¬ 
ground,  or  236  days  (range  96-326  days)  of  age,  for  CD44_/_ 
background  (Fig.  6A).  At  the  end  of  their  life  span,  2  of  the  CD44~/_ 
mice  also  suffered  from  rectal  prolapse.  None  of  the  APC+/+  mice 
died  during  the  420-day  period  of  observation,  regardless  of  their 
CD44  status. 

Mice  with  one  mutant  p53  allele  developed  various  tumors  with  a 
predominance  of  sarcomas  and  lymphomas  and  had  a  50%  survival  of 
—470  days  of  age  regardless  of  their  CD44  genotype  (Fig.  65).  The 
period  of  observation  was  limited  to  600  days,  at  which  point  1  of  24 
trp53+/tmlCD44+/+  mice  (4%)  was  still  alive  and  6  of  26 
trp53+/tmlCD44~/_  mice  (23%)  survived.  In  the  control  groups,  14  of 
16  trp53+/+CD44+/+  mice  (87%)  and  30  of  36  trp53+/+CD44"/_ 
mice  (83%)  were  alive.  Conversely,  1  trp53+/tm,CD44+/+  mouse 
(4%),  3  trp53  +/tinlCD44_/_  mice  (11%),  1  trp53+/+CD44+/+  mouse 
(6%),  and  5  trp53+/+CD44“/~  mice  (14%)  died  without  detectable 
signs  of  malignancies.  Although  five  of  them  were  diagnosed  with 
histological  signs  of  inflammation  (abscess,  periarteriitis  nodosa,  glo¬ 
merulonephritis,  dermatitis,  and  pneumonia),  the  contribution  of  these 
conditions  to  the  death  of  the  mice  is  unknown.  The  higher  incidence 
of  deaths  unrelated  to  neoplasms  (8  CD44_/_  mice  of  50  when 
disregarding  the  trp53  status,  compared  with  2  CD44+/+  mice  of  40) 
implies  that  the  lack  of  the  CD44  gene  may  increase  the  susceptibility 
to  other  pathogenic  influences. 

DISCUSSION 

Diverse  roles  in  cancer  have  been  ascribed  to  various  CD 4 4  gene 
products,  but  their  contributions  to  endogenous  tumors  have  not  been 
studied.  Here,  we  have  tested  the  consequences  of  targeted  deletion  of 
the  CD44  gene  in  the  development  of  endogenous  tumors  caused  by 
mutations  in  two  distinct  tumor  suppressor  genes,  which  are  also 
mutated  frequently  in  human  cancers.  We  show  that  the  absence  of  the 
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Fig.  6.  Kaplan-Meier  survival  curves.  A,  survival  of  APC+/niin  mice  with  wild-type  P) 
or  deleted  (•)  CD44  gene.  All  APC+/+  mice  survived  the  420-day  period  of  observation. 
B.  survival  of  trp53+/tml  mice.  Within  600  days,  mice  with  the  tip53+/tni1  genotype 
succumbed  to  various  tumors  independently  of  their  CD44  status,  leading  to  survival  of 
4%  or  1  mouse  (CD44+/+,  A)  and  23%  or  6  mice  (CD44~/_,  ■).  Control  mice  with  the 
wild-type  frp53  gene  had  survival  rates  of  87%  or  14  mice  (CD44+/+,  A)  and  83%  or  30 
mice  (CD44_/_,  □). 

CD44  gene  products  virtually  abrogates  osteosarcoma  metastasis.  In 
contrast,  we  did  not  find  evidence  for  a  role  of  CD44  in  tumor  growth 
or  survival. 

In  various  cancers,  expression  of  CD44  splice  variants  is  necessary 
and  sufficient  to  cause  metastasis  formation  (1,  2).  In  the  present 
study,  the  role  of  CD44  in  malignancy  of  nonhematopoietic  origin  was 
limited  to  inducing  dissemination  (Fig.  1)  and  corroborating  the  role 
of  CD44  as  a  metastasis  gene  in  solid  tumors.  The  expression  of  CD44 
is  sufficient  to  confer  metastatic  properties  to  primary  osteosarcoma 
cells,  but  the  expression  of  multiple  CD44  variants  on  intestinal 
adenomatous  polyps  (15)  is  not  associated  with  invasive  growth.  This 
may  be  accounted  for  by  the  dominance  of  metastasis  suppressor  gene 
products  over  gene  products  that  induce  dissemination  (18).  Intestinal 
cells  frequently  express  the  adhesion  molecule  DCC,  which  may 
prevent  CD44-mediated  invasion.  Alternatively,  metastasis  formation 
by  the  intestinal  polyps  may  be  suppressed  by  elevated  /3-catenin, 
secondary  to  loss  of  APC  protein  function.  This  decreases  enterocyte 
crypt  villus  migration  (19)  and  may  prevent  invasive  behavior.  Os¬ 
teosarcoma  cells,  in  contrast,  do  not  display  any  prominent  expression 
of  metastasis  suppressor  genes  so  that  the  expression  of  CD44  variants 
is  sufficient  to  cause  a  malignant  phenotype. 

Various  genetic  influences  can  affect  tumor  multiplicity  in 
Ape + /mi*1  mjce  They  include  genes  for  cell  cycle  control,  DNA 
repair,  and  metalloproteinases.  The  genetic  modifier  Moml  encodes  a 
secretory  phospholipase,  Pla2g2a,  expressed  throughout  the  intestinal 
tract.  The  active  allele  of  Pla2g2a  leads  to  a  reduction  in  the  growth 
rate  and  multiplicity  of  intestinal  adenomas  (20).  APC+/nun  mice 
homozygous  for  a  null  allele  of  p53  developed  significantly  more 
intestinal  adenomas  than  those  homozygous  for  the  wild-type  allele  of 
p53.  Similarly,  the  intact  DNA  mismatch  repair  gene  Pms2  reduces 


the  number  of  intestinal  tumors  as  compared  with  mice  with  a  targeted 
deletion  of  this  gene  (21).  In  contrast,  deletion  of  the  gene  for  the 
metalloproteinase  Matrilysin  leads  to  substantial  reduction  in  intesti¬ 
nal  tumors,  despite  a  lack  of  destruction  of  the  basement  membrane  by 
these  polyps  (22).  The  intestinal  polyps  caused  by  the  APC  gene 
mutation  express  various  splice  variants  of  CD44  at  the  earliest  stages 
of  transformation,  diagnosed  as  aberrant  crypt  foci  with  dysplasia 
(15);  however,  the  contributions  by  CD44  gene  products  to  the  patho¬ 
genesis  of  the  intestinal  polyps  were  unknown.  In  this  study,  the 
numbers  of  polyps  and  associated  life  spans  were  not  influenced  by 
the  absence  of  CD44  gene  products.  The  size  of  the  individual  polyps 
did  not  appear  to  be  compromised. 

The  expression  of  CD44  on  tumors  has  been  described  to  not  only 
affect  metastatic  spread  but  also  tumor  growth  (4,  5)  and  induction  of 
oncogenes,  such  as  ras  (10).  This  opened  the  possibility  that  deletion 
of  the  CD44  gene  might  influence  disease  progression.  In  APC+/min 
mice,  the  incidence  of  polyps  and  associated  life  spans  were,  however, 
not  altered.  Similarly,  incidence,  survival,  and  tumor  weight  of  sar¬ 
comas  in  trp53+/tml  mice  were  not  influenced  by  the  absence  of 
CD44,  arguing  against  a  prominent  role  for  CD44  in  early  transfor¬ 
mation  or  tumor  growth.  In  contrast,  the  dissemination  of  osteosar¬ 
comas  was  virtually  abrogated  by  the  absence  of  CD44  gene  products 
(29  microscopically  and  macroscopically  identified  metastases  in  6 
CD44+/+  mice,  compared  with  1  metastasis  identified  in  4  CD44-/_ 
mice).  We  have  found  previously  metastasis  gene  products  to  consti¬ 
tute  a  unique  group  of  cancer-related  biomolecules,  which  is  distinct 
from  growth  controlling  oncogene  or  tumor  suppressor  gene  products. 
They  are  dysregulated  in  cancer  at  the  levels  of  gene  expression  or 
mRNA  splicing  (18).  The  present  results  confirm  the  role  of  CD44  as 
a  metastasis  gene  and  refine  our  insights  into  the  contributions  of 
CD44  to  cancer. 
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ABSTRACT 


Neutrophil-independent  macrophage  responses  are  a  prominent  part  of  delayed-type 
immune  and  healing  processes  and  depend  on  T-cell  secreted  cytokines.  An  important  mediator  in 
this  setting  is  the  phosphoprotein  osteopontin  whose  secretion  by  activated  T-cells  confers 
resistance  to  infection  by  several  intracellular  pathogens  through  recruitment  and  activation  of 
macrophages.  Here  we  analyze  the  structural  basis  of  this  activity  following  cleavage  of  the 
phosphoprotein  by  thrombin  into  two  fragments.  An  interaction  between  the  C-terminal  domain  of 
osteopontin  and  the  receptor  CD44  induces  macrophage  chemotaxis,  while  engagement  of  (fo- 
integrin  receptors  by  a  non-overlapping  N-terminal  osteopontin  domain  induces  cell  spreading  and 
subsequent  activation.  Serine  phosphorylation  of  the  osteopontin  molecule  on  specific  sites  is 
required  for  functional  interaction  with  integrin  but  not  CD44  receptors.  Thus,  in  addition  to 
regulation  of  intracellular  enzymes  and  substrates,  phosphorylation  also  regulates  the  biological 
activity  of  secreted  cytokines.  These  data,  taken  as  a  whole,  indicate  that  the  activities  of  distinct 
osteopontin  domains  are  required  to  coordinate  macrophage  migration  and  activation  and  may  bear 
on  incompletely  understood  mechanisms  of  delayed  type  hypersensitivity,  wound  healing,  and 
granulomatous  disease. 

Short  title:  Osteopontin  in  macrophage  activation 

Key  terms:  Phosphorylation,  integrins,  delayed  type  hypersensitivity,  CD44,  metalloproteases 
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INTRODUCTION 


Macrophages  participate  in  two  general  types  of  inflammatory  reactions.  In  immediate 
responses,  macrophages  are  attracted  and  activated  by  cytokines  secreted  from  neutrophils  and 
support  a  reaction  that  usually  is  characterized  by  excessive  fibrosis  and  scar  formation.  In  contrast, 
delayed  type  hypersensitivity  responses  are  largely  neutrophil-independent,  involve  macrophage 
activation  through  other  cytokines,  and  include  inflammation  associated  with  resistance  to  infection 
by  intracellular  pathogens  and  enhancement  of  wound  healing.  Differential  expression  of 
osteopontin  by  T-cells  determines  the  relative  levels  of  these  two  responses.  Resistance  to 
Rickettsia  infection,  mediated  by  vigorous  induction  of  osteopontin,  leads  to  an  early  monocyte 
influx  into  infected  sites  and  rapid  acquisition  of  macrophage  bacteriocidal  activity.  Susceptibility 
to  Rickettsial  infection,  on  the  other  hand,  reflects  delayed  and  weak  osteopontin  responses  and  is 
characterized  by  an  early  accumulation  of  neutrophils  at  sites  of  infection  [1,2].  High  levels  of 
osteopontin  expression  are  also  a  hallmark  of  monocytic  granulomatous  reactions  in  the  context  of 
tuberculosis  and  silicosis  [3].  In  experimental  glomerulonephritis,  neutralizing  antibodies  to 
osteopontin  greatly  reduced  the  influx  of  macrophages  and  T-cells  and  reduced  kidney  damage  [4]. 
Osteopontin  may  play  a  central  role  in  bone  healing  [5,6],  in  stroke  [7],  and  in  the  revascularization 
process  that  is  essential  for  wound  healing  [8,9]. 

Osteopontin  has  been  implicated  in  both  cell  attachment  [10,11,12]  and  cell  motility 
[13,14].  The  protein  binds  to  two  types  of  receptors.  Engagement  of  the  homing  receptor  CD44 
through  a  non-RGD  cell  binding  domain  of  osteopontin  is  sufficient  to  induce  chemotaxis  or 
attachment  [14,15].  Binding  of  osteopontin  to  av(33  integrin  receptors  via  its  Gly-Arg-Gly-Asp-Ser 
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(GRGDS)  motif  [12,16,17]  may  contribute  to  osteoclast  adherence  and  resorption  of  bone  [18]  as 
well  as  to  haptotaxis  of  endothelial  cells  [19],  vascular  smooth  muscle  cells  [17,20], 
myelomonocytic  cells  [21],  and  tumor  cells  [22],  Vascular  smooth  muscle  cells  may  also  engage 
osteopontin  through  otv(3i  and  avp5  integrins  in  an  interaction  that  leads  to  adhesion  of  cells  but  not 
to  migration  [13],  and  adhesion  to  immobilized  osteopontin  via  integrins  ot4  and  ots  has  been 
reported  [21].  Engagement  of  integrin  a9[5i  may  induce  migration  [23].  Osteopontin  is  secreted  in 
non-phosphorylated  [24,25,26,27]  and  phosphorylated  forms  [28,29,30]  that  contain  up  to  28 
phosphate  residues  and  are  differentially  induced  by  tumor  promoters  and  cytokines. 
Phosphorylation  is  functionally  important  because  it  may  determine  whether  osteopontin  associates 
with  the  cell  surface  or  with  the  extracellular  matrix  [31,32].  Furthermore,  cleavage  of  osteopontin 
with  thrombin  may  enhance  its  cell  attachment  properties  [33],  These  results  suggest  that 
osteopontin  may  elicit  specific  cellular  responses  depending  on  its  post-translational  modification 
and  the  cell  surface  receptor  repertoire  on  its  target  cell. 

The  structural  basis  for  the  interaction  of  osteopontin  with  macrophages  leading  to 
migration  and  perhaps  activation  is  incompletely  understood  because  earlier  studies  have  often 
equated  function  with  cell  adherence.  Prior  experiments  were  performed  mostly  with  cells  of 
different  lineages  and  it  has  been  shown  for  other  extracellular  matrix  proteins,  including 
thrombospondin  and  fibronectin,  that  their  interactions  with  macrophages  could  not  be  predicted 
from  such  studies.  The  necessity  for  cell  attachment  of  the  RGD  motif  in  recombinant  osteopontin 
has  been  confirmed  in  mutational  analysis.  Mutagenesis  of  the  RGD  sequence  to  RAA  completely 
abrogated  the  interaction  of  melanoma  cells  with  osteopontin  while  mutagenesis  of  the  RGD  to 
RGE  resulted  in  50%  reduction  in  the  attachment  of  these  cells  to  osteopontin  [23].  Mutagenizing 
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the  RGD  to  RGE  in  mouse  osteopontin  eliminated  the  attachment  of  both  tumor  cells  and  gingival 
fibroblasts  [34],  Analyses  of  further  stmctural  requirements  for  osteopontin  functions  have  also 
demonstrated  that  phosphorylation  may  be  essential  for  integrin-mediated  cell  adhesion  [32]  and 
may  confer  attachment  of  osteoclasts.  It  has  not  been  clear  whether  additional  sequences  are 
necessary  for  osteopontin  interaction  with  its  integrin  receptors  and  whether  such  sequences 
determine  a  second  binding  site  or  steric  modifiers  that  expose  the  RGD  sequence  after 
phosphorylation.  The  role  of  osteopontin  phosphorylation  in  other  functions  has  not  been 
investigated.  We  have  recently  found  phosphorylation  to  be  essential  for  various  cytokine  functions 
of  osteopontin  [35,36,37].  Here  we  show  that  engagement  of  fh-integrin  and  CD44  receptors  by 
separate  domains  of  osteopontin  leads  to  the  expression  of  distinct  macrophage  response 
phenotypes  which  can  be  separated  on  the  level  of  biological  function  and  that  the  interaction  of 
integrin  receptors  with  osteopontin  is  regulated  by  phosphorylation  of  specific  sites  on  the  ligand. 
We  examine  macrophages  as  the  cell  type  that  is  physiologically  predominantly  affected  by 
osteopontin  and  we  compare  native  osteopontin  to  recombinant  protein  that  has  been 
phosphorylated  on  specific  sites. 
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MATERIALS  AND  METHODS 


Cell  lines.  MH-S  is  a  murine  macrophage  cell  line  that  was  derived  by  SV40  transformation  from 
an  adherent  cell  enriched  population  of  alveolar  macrophages  (CRL-2019,  ATCC).  MT-2/1  is  a 
thymus-derived  macrophage  from  a  Balb/c  mouse  that  was  immortalized  by  infection  with 
retroviral  vector  [38].  In  both  cell  lines,  expression  of  CD44  and  integrin  03  were  measured  by 
flow  cytometry  with  FITC-labeled  antibodies  IM7  and  2C9.G2.  CD44  variant  expression  was 
analyzed  by  RT-PCR  with  previously  published  primer  sets  [39].  A31  is  an  integrin  0^3',  CD44' 
murine  embryonic  fibroblast  clone  derived  from  Balb/c  3T3  cells  (CCL-163,  ATCC).  A31  cells 
transfected  with  CD44  (A31.C1)  or  A31  mock  transfectants  were  generated  as  described  [14]. 
Osteopontin  purification  and  cleavage.  Recombinant  mouse  GST-osteopontin  fusion  protein  was 
derived  from  E.  coli,  digested  with  factor  Xa  and  purified  by  affinity  chromatography,  as  described 
[40,41].  Osteopontin  was  purified  to  homogeneity  as  determined  by  N-terminal  sequencing.  The 
native  osteopontin  used  in  this  study  was  isolated  from  bone  cell  cultures  or  from  MC3T3E1  cells 
and  is  a  full-length  protein  that  is  O-glycosylated  and  highly  sialylated,  free  of  sulfate  or  N- 
glycosylation,  and  contains  15-17  phosphate  residues.  Thrombin  cleavage  and  phosphorylation  of 
either  the  dephosphorylated  native  protein  or  recombinant  osteopontin  was  accomplished  by  human 
thrombin  (Sigma  Chemicals),  protein  kinase  A,  protein  kinase  G,  Golgi  kinases  or  purified  casein 
kinase  II  or  casein  kinase  I  as  described  [12,29,30,40,41,42].  Dephosphorylation  was  performed 
using  type  II  potato  acid  phosphatase  [35].  Endotoxin  levels  of  purified  osteopontin  were  below  1 
ng/g  according  to  Limulus  lysate  analysis  [35]. 

In  preliminary  experiments,  MH-S  cells  attached  to,  but  did  not  spread  on  phosphorylated 
and  unphosphorylated  PNGRGDSLAFGLR  synthetic  peptides.  We  therefore  attempted  to  isolate  a 
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proteolytic  fragment  that  can  promote  cell  spreading.  Neither  partial  tryptic,  chymotryptic  or  Asp- 
N  endopeptidase  digestion  of  osteopontin  resulted  in  the  isolation  of  an  active  peptide,  however,  a 
10  kD  fragment  was  isolated  from  a  Lys-C  digest  that  mediated  the  spreading  of  macrophages  at 
approximately  40  %  (mol/mol)  the  activity  of  the  N-terminal  thrombin  fragment.  The  N-terminal 
sequence  of  this  peptide  was  determined  to  be  QETLPSN.  Based  on  size  and  sequence  analysis  of 
this  peptide,  referred  to  as  NT  10k,  we  predict  that  it  terminates  at  the  thrombin  cleavage  site.  It 
contains  seven  potential  phosphorylation  sites  and  approximately  5  mols  of  phosphate/mol  of 
peptide.  Upon  dephosphorylation  of  this  peptide,  spreading  activity  is  lost  but  can  be  regained  by 
rephosphorylation  with  Golgi  kinases. 

Chemotaxis.  Directed  migration  of  cells  was  determined  in  multi-well  chemotaxis  chambers 
[14,43].  Two-well  culture  plates  (Transwell)  with  polycarbonate  filters  (pore  size  8-12  pm) 
separating  top  and  bottom  wells  were  coated  with  5  pg  fibronectin.  2  X  105  cells  were  added  to  the 
upper  chamber  and  incubated  at  37°  C  in  the  presence  or  absence  of  osteopontin  in  the  lower 
chamber.  After  4  h,  the  filters  were  removed,  fixed  in  methanol,  stained  with  hematoxylin  and  eosin 
and  cells  that  had  migrated  to  various  areas  of  the  lower  surface  were  counted  microscopically. 
Controls  for  chemokinesis  included  200  ng  of  the  appropriate  form  of  osteopontin  in  the  top  well. 
For  inhibition  studies,  the  cells  were  incubated  with  the  relevant  antibodies  for  15  min  before 
adding  to  the  upper  well  of  the  transwell  chamber.  All  assays  were  done  in  triplicates  and  are 
reported  as  mean  +  standard  error. 

Haptotaxis.  Haptotaxis  of  monocytic  cell  lines  to  osteopontin  or  fragments  of  osteopontin  was 
assayed  using  a  Boyden  chamber.  The  lower  surface  or  both  sides  of  polycarbonate  filters  with  8 
pm  pore  size  were  coated  with  the  indicated  amounts  of  osteopontin.  2  X  105  cells  were  added  to 
the  upper  chamber,  and  incubated  at  37°  C  in  the  absence  of  any  factors  in  the  lower  chamber.  After 
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4  h,  the  filters  were  removed,  fixed  in  methanol  and  stained  with  hematoxylin  and  eosin.  Cells  that 
had  migrated  to  the  lower  surface  were  counted  under  a  microscope.  All  assays  were  done  in 
triplicates  and  are  reported  as  mean  +  standard  error. 

In  vivo  cell  migration.  Female  C57BL/6  mice,  purchased  from  Jackson  Laboratories  and  housed 
at  the  Redstone  Animal  Facility  of  the  Dana-Farber  Cancer  Institute,  were  injected  intraperitoneally 
with  200  pi  of  PBS  containing  varying  dosages  of  K7  osteosarcoma-derived  osteopontin. 
Injections  of  vehicle  alone  (PBS)  served  as  negative  controls.  Mice  were  sacrificed  by  CO2- 
asphyxiation  at  varying  times  after  injection  followed  by  immediate  collection  of  peritoneal 
exsudate  by  intraperitoneal  injection  and  recovery  of  twice  10  mL  PBS.  Red  blood  cells  were 
removed  by  hypotonic  lysis  with  ACK  buffer  (0.15  M  NH4CI,  1.0  mM  KHCO3,  0.1  mM 
Na2EDTA,  pH  7.4)  for  5  minutes  at  room  temperature.  Cells  were  washed  and  resuspended  in 
DMEM  containing  5%  FBS  for  fluorescent  antibody  staining  at  a  concentration  of  0.2  to  1  million 
cells  in  50  pi.  Fluorescence-labeled  antibodies  (1  pg/lxl06  cells)  were  incubated  with  cells  for  30 
minutes  at  4°C,  before  washing  twice  with  200  pi  of  PBS  and  fixation  in  500  pi  of  2% 
paraformaldehyde  in  PBS.  Analysis  for  cellular  expression  of  CD44  (Pgp-1,  PE)  together  with 
CD  lib  (Mac-1,  FITC,  macrophage  marker),  B220  (FTTC,  B-cell  marker),  or  CD3  (FTTC,  T-cell 
marker)  was  performed  by  dual-color  flow  cytometry  with  antibodies  from  PharMingen  using  a 
Coulter  EPICS  flow  cytometer.  Appropriate  non-specific  antibody  controls  and  single  color 
controls  were  included. 

Cell  attachment  and  spreading.  Cell  adhesion  is  a  prerequisite  for  chemotaxis,  haptotaxis  and  cell 
spreading.  In  vitro  assays  revealed  that  cells  display  both  passive  and  active  adhesion.  Active 
adhesion  is  pH-  and  temperature-dependent,  reduced  by  trypsin  treatment  and  dependent  on  cell 
viability.  Passive  adherence  is  temperature-  and  pH-independent,  unaffected  by  trypsin  treatment 
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and  independent  of  cell  viability.  Maximal  levels  of  active  adherence  by  macrophages  depend  on 
harvest  of  cells  without  enzymes  from  subconfluent  cultures  and  limited  exposure  to  temperature 
fluctuation.  In  these  studies  we  distinguish  among  cell  passive  adhesion,  active  adhesion  and 
spreading.  Passive  adhesion  is  not  associated  with  rearrangement  of  the  cytoskeleton:  attached 
(possibly  adhered)  cells  cannot  undergo  G0-G1  transition  (as  judged  by  cyclin  D  expression)  and 
become  non- viable  within  6-12  hours.  Actively  adherent  cells  rearrange  their  cytoskeleton,  can 
undergo  G0-G1  transition  and  proliferate.  Spread  cells  are  arrested  cells  in  G2,  do  not  proliferate, 
and  are  characterized  by  focal  adhesion  plaques.  Most  dye  binding  assays  cannot  differentiate  these 
different  types  of  attachment.  Dye  binding  assays,  such  as  crystal  violet,  that  bind  very  tightly  to 
dead  cells  do  not  allow  differentiation  between  cell  debris  and  live,  actively-attached  cells. 

24- well  plates  were  coated  overnight  at  4°C  with  10  pg/ml  of  the  indicated  ligand  then 
blocked  for  1  h  at  room  temperature  with  10  mg/ml  BSA  in  PBS.  At  these  concentrations,  the 
osteopontin-derived  ligands  are  several  orders  of  magnitude  in  excess  of  the  estimated  numbers  of 
receptors  on  the  plated  cells  and  are  considered  saturating,  so  that  moderate  differences  in  ligand 
binding  to  the  plastic  do  not  affect  the  experiment.  To  preserve  the  integrity  of  adhesion  receptors 
MH-S  monocytic  cells  were  harvested  from  subconfluent  cultures  by  non-enzymatic  cell 
dissociation  solution  (Sigma,  St  Louis  MO).  Cells  were  washed  twice  with  PBS  and  resuspended 
at  a  concentration  of  1  X  105  cells/ml  of  sterile  Ca2+-  and  Mg2+-free  PBS  supplemented  with  0.1% 
BSA  and  1  mM  sodium  pyruvate.  5  x  104  cells  were  incubated  in  each  well  and,  after  1  h  at  37°C, 
the  wells  were  washed  3  times  with  0.5  ml  PBS  to  remove  non-adherent  cells,  fixed  in  1% 
glutaraldehyde  in  0. 1  M  cacodylate  buffer  (pH  7.4)  at  room  temperature  for  1  hour,  then  stained 
with  toluidine  blue  and  hematoxylin.  The  total  number  of  attached  or  spread  cells  in  each  well  were 
counted  microscopically  using  a  Nikon  Eclipse  microscope  equipped  with  a  Sony  digital  Camera. 
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Total  number  of  attached  or  spread  cells  were  quantitated  using  Optima  5.2  image  analysis  system. 
Each  experiment  was  done  in  triplicates  and  is  reported  as  mean  ±  standard  error.  To  minimize 
variability  inherent  to  cell  attachment  studies  we  scored  cells  as  attached  only  when  a  defined 
nucleus  was  observed  accompanied  by  a  transition  from  round  to  cuboidal  cell  morphology.  Round 
cells  are  loosely  attached  with  no  defined  nucleus  and  were  scored  as  non-attached.  These  cells  can 
be  removed  with  repeated  washes.  The  viability  of  the  cells  was  measured  before  and  after  the 
termination  of  the  experiments  and  only  data  from  experiments  with  greater  than  95%  cell  viability 
were  used.  Further,  under  the  conditions  used  in  these  experiments,  cell  attachment  was 
temperature-dependent,  inhibitable  by  trypsin  treatment  and  not  affected  by  inhibitors  of  protein 
synthesis  or  secretion.  Cell  spreading  was  determined  by  membrane  contour  analysis  and  was 
scored  according  to  increase  in  cell  volume/surface  area.  In  some  experiments,  cell  spreading  was 
also  assessed  by  the  formation  of  stress  fibers.  Each  experiment  was  performed  in  quadruplicate 
wells  and  repeated  3  times. 

Zymography  Secretion  of  proteinases  was  assayed  by  SDS-substrate  gel  electrophoresis  under 
non-reducing  conditions  as  described  [44,45].  Cell  culture  supernatant  was  collected  after  6  hours 
of  culture,  concentrated  5  times  and  resuspended  in  200  pi  zymogram  buffer  (40  mM  Tris,  pH  7.5) 
before  addition  to  Laemmli  sample  buffer  and  electrophoresis  in  10%  polyacrylamide  gels 
impregnated  with  1  mg/ml  gelatin.  Following  electrophoresis,  gels  were  incubated  for  30  min  at 
37°C  in  50  ml  of  50  mM  Tris-HCl  buffer,  pH  8.0,  containing  2%  Triton-XlOO  and  10  mM  CaCh  to 
remove  the  SDS,  followed  by  incubation  for  18  h  in  50  mM  Tris-HCl  buffer,  pH  8.0,  containing  5 
mM  CaCh.  After  staining  the  gels  with  Coomassie  Brilliant  Blue,  gelatin  degrading  enzymes  were 
identified  as  clear  bands  against  a  dark  blue  background. 
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RESULTS 


Osteopontin  interacts  with  CD44+  and  CD44‘  macrophages  in  vivo 

Singh  et  al.  [16]  have  reported  an  RGD-dependent  interaction  between  osteopontin  and 
integrin  receptors  and  in  vivo  attraction  of  macrophages  by  subcutaneously  injected  osteopontin. 
We  analyzed  osteopontin-attracted  macrophage  populations  for  expression  of  CD44.  Titration  of 
soluble  osteopontin  into  the  peritoneum  resulted  in  a  dose-dependent  increase  in  the  cellular 
infiltrate  (Figure  1A,B).  According  to  our  preliminary  experiments,  the  peak  response  occurred  at 
4-6  hrs  at  about  10  pg  of  osteopontin;  the  decreased  response  after  6  hours  may  reflect  clearance  of 
soluble  osteopontin  from  the  peritoneal  cavity.  The  numbers  of  Mac-1+  cells  in  the  infiltrate  were 
increased  five-fold  over  basal  levels  and  about  90%  of  peritoneal  macrophages  were  CD44+. 
Osteopontin  injections  induced  a  disproportionately  high  increase  in  both  Mac-1+CD44+  (5.27  + 
1.14  fold  at  10  pg  osteopontin)  as  well  as  Mac-1+CD44'  cells  (6.27  +  2.28  fold),  implying  that 
ligation  of  both  classes  of  osteopontin  receptors  may  contribute  to  migration  in  vivo.  The 
predominant  migration  of  Mac-1+  cells  (about  65%  of  the  infiltrate)  is  consistent  with  previous 
studies  of  osteopontin  [16],  and  is  in  contrast  to  the  inflammatory  response  to  lipopolysaccharide, 
which  consists  of  roughly  equal  numbers  of  CD3+,  B220+,  and  Mac-1+  cells  (data  not  shown).  This 
cellular  infiltration  is  unlikely  to  reflect  contamination  of  osteopontin,  which  was  pure  according  to 
peptide  sequence  analysis,  since  co-injection  of  osteopontin  with  anti-osteopontin  antibody 
prevented  the  influx  of  cells  whereas  rabbit  immunoglobulin  had  no  effect  (data  not  shown). 

Our  previous  investigations  of  stable  transfectants  of  A3 1  cells  indicated  that  the  interaction 
of  osteopontin  with  CD44  depended  on  expression  of  CD44  splice  variants  3-6  [14],  which 
characterize  activated  lymphocytes  [46].  More  recent  studies  indicate  that  A31  cells  transfected 
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with  the  standard  form  of  CD44  (lacking  variant  exons)  do  not  bind  osteopontin  (unpublished 
results  and  [47]).  These  findings  are  consistent  with  the  observation  that  lymphocytes  attracted  into 
the  peritoneal  cavity  appear  to  be  activated  as  judged  by  increased  forward  scatter  measurements  in 
flow  cytometry. 

The  C-terminal  domain  of  osteopontin  interacts  with  CD44  to  induce  chemotaxis 

Earlier  studies  of  osteopontin  binding  to  the  myelomonocytic  cell  line  Wehi  3  suggested 
that  this  interaction  depended  mainly  on  engagement  of  integrin  receptors  [16]  while  later 
investigations  identified  CD44  as  a  second  receptor  that  was  associated  with  chemotaxis  [14].  Since 
thrombin  cleaves  osteopontin  in  two  sites  releasing  two  large  fragments,  an  N-terminal  1-153 
fragment  containing  the  RGD  motif  and  a  158-294  C-terminal  fragment  [33]  and  since  previous 
studies  have  demonstrated  that  the  attachment  of  tumor  cells  is  mediated  preferentially  by  RGD- 
containing  domains  of  osteopontin  [48],  we  exploited  these  observations  to  determine  whether 
distinct  domains  of  osteopontin  were  responsible  for  engagement  of  the  two  receptors.  The 
macrophage  cell  lines  MT-2/1  and  MH-S  express  the  relevant  receptors  integrin  fh  and  CD44  at 
high  levels  according  to  flow  cytometry.  Although  one  form  containing  variant  exons  appears  to  be 
the  most  prominent  CD44  gene  product  as  judged  by  PCR  with  primers  for  the  constitutive  exons  5 
and  16,  three  bands  between  200  and  400  base  pairs  are  amplified  with  primers  for  exon  5  and  exon 
v6.  Expression  of  standard  CD44  was  not  detected  (Figure  2). 

The  CD44  transfected  cell  line  A31.C1  migrated  toward  soluble  osteopontin  or  the  C- 
terminal  fragment,  but  not  toward  the  N-terminal  fragment  (Table  1A).  The  vector  transfected 
control  does  not  chemotax  toward  osteopontin  [14]  confirming  that  the  C-terminal  domain  of 
osteopontin  interacts  with  CD44.  The  C-terminal  fragment  of  osteopontin  also  induced  chemotaxis 
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of  the  macrophage  cell  line  MH-S  as  efficiently  as  intact  osteopontin,  while  the  N-terminal  30  kDa 
osteopontin  fragment  was  inactive  (Table  1B-E);  equimolar  mixtures  of  both  fragments  displayed 
activity  similar  to  that  of  the  28  kDa  C-terminal  fragment  alone  (data  not  shown).  Chemotaxis 
induced  by  osteopontin  or  its  C-terminal  domain  was  inhibitable  by  anti-CD44  antibody,  but  not  by 
GRGDS  peptide  or  anti-integrin  03  antibody.  These  results,  taken  together,  indicate  that  28  kDa  C- 
terminal  part  of  the  molecule  is  sufficient  to  induce  CD44-dependent  chemotaxis. 

The  N-terminal  domain  of  osteopontin  induces  haptotaxis  of  macrophages  via  integrin  03 

Cells  can  move  up  a  gradient  of  immobilized  ligand,  this  cell  crawling  may  occur  on  vessel 
walls  or  in  the  interstitium  and  is  referred  to  as  haptotaxis.  We  assessed  the  contribution  of 
interactions  between  immobilized  osteopontin  and  integrin  receptors  to  cell  motility.  The  ability  of 
the  immobilized  ligand  to  induce  monocyte  haptotaxis  was  judged  by  cell  migration  through  poly¬ 
carbonate  filters.  Osteopontin  induced  monocyte  migration  that  was  mainly  directional  (i.e.,  the 
cells  responded  to  a  positive  gradient  of  bound  osteopontin)  (Table  1C),  and  thus  haptotactic,  and 
was  inhibited  by  GRGDS  and  antibody  to  the  03  chain  of  integrins  but  not  by  antibody  to  CD44 
(Table  ID). 

Since  some  osteopontin  functions  are  dependent  on  the  phosphorylation  of  the  ligand,  we 
attempted  to  localize  the  critical  residues  for  haptotaxis.  Phosphorylation  has  to  occur  at  specific 
sites  because  Golgi  kinases  and  casein  kinases  I  or  II  can  activate  osteopontin  whereas  protein 
kinases  A  or  G  phosphorylate  the  recombinant  molecule  but  do  not  confer  integrin  binding  (Table 
IE).  Earlier  studies  which  showed  that  RGD-containing  peptides  can  confer  function  may  have 
induced  non-specific  effects  through  multiple  integrin  receptors.  Our  data  demonstrate  that  the 
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RGD  motif  is  necessary  but  not  sufficient  to  confer  specific  osteopontin  function,  a  sequence  N- 
terminal  to  the  RGD  sequence  is  also  needed. 

The  N-terminal  domain  of  osteopontin  induces  spreading  and  activation  of  macrophages  via 
integrin  (3s 

Macrophage  spreading  on  extracellular  matrix  proteins  depends,  in  part,  on  engagement  of 
their  integrin  receptors.  Spreading  of  the  MH-S  macrophage  cell  line  on  immobilized  native 
osteopontin  is  mediated  by  the  RGD-containing  N-terminal  thrombin  cleavage  fragment  but  not  by 
the  C-terminal  fragment  and  is  reversed  by  addition  of  soluble  GRGDS  but  not  control  GRGES 
peptide.  Moreover,  phosphorylation  of  recombinant  osteopontin  is  required  for  this  activity 
(Figure  3). 

Osteopontin  induces  pro-inflammatory  mediators  through  integrin  p3 

Macrophage  spreading  is  often  associated  with  cellular  activation.  Here  we  analyze  the 
effects  of  osteopontin  on  macrophage  production  of  effector  cytokines  including  several  pro- 
inflammatory  mediators  and  metalloproteinases.  Metalloproteinases,  which  regulate  cell  motility 
and  invasion,  represent  a  family  of  more  than  14  proteolytic  enzymes  that  have  distinct  but 
overlapping  substrate  specificity.  Metalloprotease  2  and  9  cleave  type  IV  collagen  and  are  thought 
to  be  essential  for  efficient  migration  of  monocytes  through  basement  membranes.  The 
phosphorylated  N-terminal  fragment  but  not  the  C-terminal  fragment  of  osteopontin  induced  strong 
MMP-9  (gelatinase  B)  responses  (Figure  4)  and  induction  was  inhibited  by  GRGDS  but  not 
GRGES  (data  not  shown).  Consistent  with  its  role  in  delayed  type  hypersensitivity  responses, 
osteopontin  induced  IL-12  and  TNF-a,  but  not  IL-ip,  EL-10  or  IL-6.  Additional  analysis  revealed 
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that  cytokine  induction  depends  on  the  interaction  between  phosphorylated  osteopontin  and 
peritoneal  macrophages  (Figure  5).  This  interaction  was  mediated  by  the  N-terminal  portion  of 
osteopontin  and  was  inhibited  by  GRGDS  and  integrin  (33  antibody  (not  shown). 
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DISCUSSION 


The  present  structure-function  analysis  of  osteopontin  demonstrates  that  engagement  of  its 
two  main  receptors  by  distinct  domains  leads  to  differential  monocyte  responses.  Chemoattractant 
activity  resides  within  the  C-terminal  region  of  osteopontin  and  is  mediated  by  CD44.  In  contrast, 
the  RGD  motif  within  a  non-overlapping  N-terminal  portion  of  osteopontin,  exposed  after 
phosphorylation  or  thrombin  cleavage,  can  induce  haptotaxis  and  cellular  activation.  Thus,  in 
addition  to  the  well-established  role  of  phosphorylation  in  regulating  the  biological  interactions  of 
intracellular  enzymes  and  their  substrates,  phosphorylation  of  a  secreted  extracellular  protein  also 
can  provide  molecular  information  that  targets  it  to  particular  interaction  partners,  which  dictate  its 
biological  activity.  In  vivo,  additional  components  may  contribute  to  regulating  osteopontin 
biology.  Several  other  integrin  receptors  are  engaged  by  osteopontin  [13,21],  Furthermore,  CD44 
may  be  ligated  individually  or  in  association  with  integrin  |3i  [47].  This  interaction  is  not  likely  to 
contribute  to  chemotaxis  because  the  integrin  |3i  binding  sites  on  osteopontin  have  been  mapped 
outside  the  C-terminal  fragment  used  in  our  experiments,  however,  other  in  vivo  functions  by  co¬ 
ligated  CD44  and  integrin  pi  are  possible.  The  combined  contributions  by  all  receptors  may 
underlie  the  profound  effects  of  osteopontin  on  cellular  immunity. 

The  participation  of  monocytes/macrophages  in  inflammation  entails  emigration  of  these 
cells  from  peripheral  blood  into  infected  tissues,  where  they  produce  cytokines  that  regulate  diverse 
processes  including  anti-microbial  activity,  cell  growth,  differentiation  and  wound  healing  [49]. 
Emigration  of  monocytes  depends  on  coordinate  engagement  of  different  subsets  of  cell  surface 
receptors  by  cytokines  and  extracellular  matrix  that  underlie  migration  or  adhesion  within  various 
anatomic  compartments.  Osteopontin  plays  an  important  role  in  macrophage  infiltration  in  response 
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to  pathological  stimuli  [50],  Our  findings  suggest  that  attraction  and  activation  of  monocytes 
depends,  in  part,  on  orchestrated  activities  of  osteopontin  binding  domains  that  have  been  modified 
by  thrombin  [22],  ecto-kinases  [51],  and  ecto-phosphatases  [32].  Thrombin  cleavage  of  osteopontin 
that  has  been  integrated  into  the  matrix  through  transglutaminases  [52]  can  lead  to  the  release  of 
chemotactic  C-terminal  osteopontin  fragment  and  attraction  of  monocytes  to  a  site  of  infection. 
Subsequent  engagement  of  integrin  receptors  on  emigrant  monocytes  by  immobilized 
phosphorylated  N-terminal  domain  of  osteopontin  may  facilitate  local  haptotactic  migration 
towards  a  site  of  microbial  infection  or  inflammation  (Figure  6).  After  arrival,  attachment  and 
spreading  of  emigrant  monocytes  mediated  by  engagement  of  avp3  integrin  receptors  by  the  N- 
terminal  osteopontin  thrombin  cleavage  product  (possibly  through  increased  access  of  the  RGD 
binding  site  [19]),  can  lead  to  macrophage  activation  and  expression  of  inflammatory  mediators 
such  as  metalloproteases  and  cytokines  (Figure  5).  The  cytokine  profile  reflects  a  type  1  pattern 
and,  in  conjunction  with  the  coordinated  regulation  of  macrophage  migration  and  invasion, 
accounts  for  the  prominent  role  played  by  the  cytokine  osteopontin  in  cellular  immunity  [35],  The 
coupling  of  macrophage  cell  shape  and  gene  expression  through  the  linkage  of  cytoskeletal 
networks  to  the  extracellular  matrix  provides  a  molecular  framework  for  differential  responses  to 
various  presentations  of  the  same  ligand  [53].  Although  additional  in  vivo  studies  are  required  to 
test  this  model,  the  definition  of  the  functional  domains  of  osteopontin  in  this  report  represents  an 
important  step  in  understanding  this  process  and  may  allow  the  rational  development  of  osteopontin 
analogs  that  antagonize  or  mimic  discrete  biological  activities  of  the  parent  molecule. 


17 


ACKNOWLEDGEMENTS 


This  study  was  supported  in  part  by  the  National  Institutes  of  Health  (NIH):  AI12184  to 
HC;  CA76176  to  GFW;  Department  of  Defense  (DOD)  breast  cancer  grant  DAMD  17-98-1- 
8060  to  GFW  and  DAMD- 17-99- 1-9 124  to  SA;  and  Department  of  Public  Health  grant 
340B9930002  and  OraPharma  to  SA.  SZ  is  supported  by  a  grant  from  the  Fullbright  Foundation. 
Dr.  Paola  Riccardi-Castagnoli  generously  provided  the  MT-2  cells.  The  authors  are  grateful  to 
Lisa  Lagasse  and  Alison  Angel  for  assistance  in  the  preparation  of  the  manuscript. 


18 


REFERENCES 


[1]  Patarca,  R.,  Freeman,  G.J.,  Singh,  R.P.,  Wei,  F.-Y.,  Durfee,  T.,  Blattner,  F.,  Regnier,  D.C., 
Kozack,  C.A.,  Mock,  B.A.,  Morse,  H.C.  ID,  Jerrells,  T.R.,  Cantor,  H.  (1989)  Structural  and 
functional  studies  of  the  early  T  lymphocyte  activation  1  (Eta-1)  gene.  Definition  of  a  novel  T 
cell-dependent  response  associated  with  genetic  resistance  to  bacterial  infection.  J.  Exp.  Med. 
170,  145-161. 

[2]  Patarca,  R.,  Singh,  R.P.,  Wei,  F.-Y.,  Iregui,  M.V.,  Singh,  P.,  Schwartz,  J.,  Cantor,  H.  (1990) 
Alternative  pathways  of  T-cell  activation  and  positive  clonal  selection.  Immunol.  Rev.  116,  1-16. 

[3]  Nau,  G.J.,  Guilfoile,  P.,  Chupp,  G.L.,  Berman,  J.S.,  Kim,  S.J.,  Komfeld,  H.,  Young,  R.A. 
(1997)  A  chemoattractant  cytokine  associated  with  granulomas  in  tuberculosis  and  silicosis. 
Proc.  Natl.  Acad.  Sci.  USA  94,  6414-6419. 

[4]  Yu,  X.Q.,  Nikolic-Paterson,  D.J.,  Mu,  W.,  Giachelli,  C.M.,  Atkins,  R.C.,  Johnson,  R.J.,  Lan, 
H.Y.  (1998)  A  functional  role  for  osteopontin  in  experimental  crescentic  glomerulonephritis  in 
the  rat.  Proc.  Am.  Assoc.  Phys.  110,  50-64. 

[5]  McKee,  M.D.,  Nanci,  A.  (1996)  Osteopontin:  an  interfacial  extracellular  matrix  protein  in 
mineralized  tissues.  Connect  Tissue  Res.  35,  197-205. 

[6]  Nakase,  T.,  Sugimoto,  M.,  Sato,  M.,  Kaneko,  M.,  Tomita,  T.,  Sugamoto,  K.,  Nomura,  S., 
Kitamura,  Y.,  Yoshikawa,  H.,  Yasui,  N.,  Yonenobu,  K.,  Ochi,  T.  (1998)  Switch  of  osteonectin 


19 


and  osteopontin  mRNA  expression  in  the  process  of  cartilage-to-bone  transition  during  fracture 
repair.  Acta  Histochem.  100,  287-295. 

[7]  Wang,  X.,  Louden,  C.,  Yue,  T.L.,  Ellison,  J.A.,  Barone,  F.C.,  Solleveld,  H.A.,  Feuerstein, 
GZ.  (1998)  Delayed  expression  of  osteopontin  after  focal  stroke  in  the  rat.  J.  Neurosci.  18,  2075- 
2083. 

[8]  Liaw,  L.,  Birk,  D.E.,  Balias,  C.B.,  Whitsitt,  J.S.,  Davidson,  J.M.,  Hogan,  B.L.  (1998)  Altered 
wound  healing  in  mice  lacking  a  functional  osteopontin  gene  (sppl).  J.  Clin.  Invest.  101,  1468- 
1478. 


[9]  Giachelli,  C.M.,  Liaw,  L.,  Murry,  C.E.,  Schwartz,  S.M.,  Almeida,  M.  (1995)  Osteopontin 
expression  in  cardiovascular  diseases.  Ann.  NY  Acad.  Sci.  760,  109-126. 

[10]  Oldberg,  A.,  Franzen,  A.,  Heinegard,  D.  (1986)  Cloning  and  sequence  analysis  of  rat  bone 
sialoprotein  (osteopontin)  cDNA  reveals  an  Arg-Gly-Asp  cell-binding  sequence.  Proc.  Natl. 
Acad.  Sci.  USA  83,  8819-8823. 

[11]  Oldberg,  A.,  Franzen,  A.,  Heinegard,  D.,  Pierschbacher,  M.D.,  Ruohslahti,  E.  (1986) 
Identification  of  a  bone  sialoprotein  receptor  in  osteosarcoma  cells.  J.  Biol.  Chem.  263:19433- 
19436. 

[12]  Salih  E,  Ashkar  S,  Gerstenfeld  LC,  Glimcher  MJ.  (1996)  Protein  kinases  of  cultured 


20 


osteoblasts:  selectivity  for  the  extracellular  matrix  proteins  of  bone  and  their  catalytic 
competence  for  osteopontin.  J.  Bone  Miner.  Res.  11:1461-1473. 

[13]  Liaw,  L.,  Skinner,  M.P.,  Raines,  E.W.,  Ross,  R.,  Cheresh,  D.A.,  Schwartz,  S.M.,  Giachelli, 
C.M.  (1995)  The  adhesive  and  migratory  effects  of  osteopontin  are  mediated  via  distinct  cell 
surface  integrins.  Role  of  alpha  v  beta  3  in  smooth  muscle  cell  migration  to  osteopontin  in  vitro. 
J.  Clin.  Invest.  95,713-724. 

[14]  Weber,  G.F.,  Ashkar,  S.,  Glimcher,  M.J.,  Cantor,  H.  (1996)  Receptor-ligand  interaction 
between  CD44  and  Osteopontin/Eta-1.  Science  271,  509-512. 

[15]  van  Dijk  S.,  D’Errico,  J.,  Somerman,  M.J.,  Farach-Carson,  M.C.,  Butler,  W.T.  (1993) 
Evidence  that  a  non-RGD  domain  in  rat  osteopontin  is  involved  in  cell  attachment.  J.  Bone 
Miner.  Res.  8,  1499-1506. 

[16]  Singh,  R.P.,  Patarca,  R.,  Schwartz,  J.,  Singh,  P.,  Cantor,  H.  (1990)  Definition  of  a  specific 
interaction  between  Eta-1  protein  and  murine  macrophages  in  vitro  and  in  vivo.  J.  Exp.  Med. 
171,  1931-1942. 

[17]  Liaw,  L.,  Almeida,  M.,  Hart,  C.E.,  Schwartz,  S.M.,  Giachelli,  C.M.  (1994)  Osteopontin 
promotes  vascular  cell  adhesion  and  spreading  and  is  chemotactic  for  smooth  muscle  cells  in 
vitro.  Circul.  Res.  74, 214-224. 


21 


[18]  Denhardt,  D.T.,  Guo,  X.  (1993)  Osteopontin:  a  protein  with  diverse  functions.  FASEB  J.  7. 
1475-1482. 


[19]  Senger,  D.R.,  Ledbetter,  S.R.,  Claffey,  K.P.,  Papadopoulos-Sergiou,  A.,  Peruzzi,  C.A., 
Detmar,  M.  (1996)  Stimulation  of  endothelial  cell  migration  by  vascular  permeability 
factor/vascular  endothelial  growth  factor  through  cooperative  mechanisms  involving  the  [33 
integrin,  osteopontin,  and  thrombin.  Am.  J.  Pathol.  149,  293-305. 

[20]  Yue,  T.L.,  McKenna,  P.J.,  Ohlstein,  E.H.,  Farach-Carson,  M.C.,  Butler,  W.T.,  Johanson,  K., 
McDevitt,  P.,  Feuerstein,  G.Z.,  Stadel,  J.M.  (1994)  Osteopontin-stimulated  vascular  smooth 
muscle  cell  migration  is  mediated  by  beta  3  integrin.  Exp.  Cell  Res.  214, 459-464. 

[21]  Nasu,  K.,  Ishida,  T.,  Setoguchi,  M.,  Higuchi,  Y.,  Akizuki,  S.,  Yamamoto,  S.  (1995) 
Expression  of  wild  type  and  mutated  rabbit  osteopontin  in  Escherichia  coli,  and  their  effects  on 
adhesion  and  migration  of  P388D1  cells.  Biochem.  J.  307,  257-265. 

[22]  Senger,  D.R.,  Perruzzi,  C.A.  (1996)  Cell  migration  promoted  by  a  potent  GRGDS- 
containing  thrombin  cleavage  fragment  of  osteopontin.  Biochim.  Biophys.  Acta  1314,  13-24. 

[23]  Smith,  L.L.,  Giachelli,  C.M.  (1998)  Structural  requirements  for  alpha  9  beta  1-mediated 
adhesion  and  migration  to  thrombin-cleaved  osteopontin.  Exp.  Cell  Res.  242,  351-360. 

[24]  Kubota,  T.,  Zhang,  Q.,  Wrana,  J.L.,  Ber,  R.,  Aubin,  J.E.,  Butler,  W.T.,  Sodek,  J.  (1989) 


22 


Multiple  forms  of  SppI  (secreted  phosphoprotein;  osteopontin)  synthesized  by  normal  and 
transformed  rat  bone  cell  populations:  regulation  by  TGF-a.  Biochem.  Biophys.  Res.  Comm. 
162,  1453-1459. 

[25]  Chambers,  A.F.,  Behrend,  E.I.,  Wilson,  S.M.,  Denhardt,  D.T.  (1992)  Induction  of 
expression  of  osteopontin  in  metastatic,  ras-transformed  NIH  3T3  cells.  Anticancer  Res.  12,  43- 
47. 

[26]  Barak-Shalom,  T.,  Schickler,  M.,  Knopov,  V.,  Shapira,  R.,  Hurwitz,  S.,  Pines,  M.  (1995) 
Synthesis  and  phosphorylation  of  osteopontin  by  avian  epiphyseal  growth-plate  chondrocytes  as 
affected  by  differentiation.  Comp.  Biochem.  Physiol.  Ill,  49-59. 

[27]  Chang,  P.L.,  Prince,  C.W.  (1993)  1  alpha,  25-Dihydroxy  vitamin  D3  enhances  12-0- 
tetradecanoylphorbol- 13-acetate-induced  tumorigenic  transformation  and  osteopontin  expression 
in  mouse  JB6  epidermal  cells.  Cancer  Res.  53,  2217-2220. 

[28]  Sorensen,  E.S.,  Petersen,  T.E.  (1994)  Identification  of  two  phosphorylation  motifs  in  bovine 
osteopontin.  Biochem.  Biophys.  Res.  Comm.  198,  200-205. 

[29]  Salih,  E.,  Ashkar,  S.,  Gerstenfeld,  L.C.,  Glimcher,  M.J.  (1995)  Identification  of  the  in  vivo 
phosphorylated  sites  of  secreted  osteopontin  from  chicken  osteoblasts.  Ann.  NY  Acad.  Sci.  760, 
357-360. 


23 


[30]  Salih,  E.,  Ashkar,  S.,  Gerstenfeld,  L.C.,  Glimcher,  M.J.  (1997)  Identification  of  the 

32 

phosphorylated  sites  of  metabolically  P-labelled  osteopontin  from  cultured  chicken  osteoblasts. 
J.  Biol.  Chem.  272,  13966-13973. 


[31]  Nemir,  M.,  DeVouge,  M.W.,  Mukherjee,  B.B.  (1989)  Normal  rat  kidney  cells  secrete  both 
phosphorylated  and  nonphosphorylated  forms  of  osteopontin  showing  different  physiological 
properties.  J.  Biol.  Chem.  264,  18202-18208. 

[32]  Ek-Rylander,  B.,  Flores,  M.,  Wendel,  M.,  Heinegard,  D.,  Andersson,  G.  (1994) 
Dephosphorylation  of  osteopontin  and  bone  sialoprotein  by  osteoclastic  tartrate-resistant  acid 
phosphatase.  Modulation  of  osteoclast  adhesion  in  vitro.  J.  Biol.  Chem.  269,  14853-14856. 

[33]  Senger,  D.R.,  Brown,  L.F.,  Peruzzi,  C.A.,  Papdopoulos-Sergious,  A.,  van  der  Water,  L. 
(1995)  Osteopontin  at  the  tumor/host  interface.  Functional  regulation  by  thrombin  cleavage  and 
consequences  for  cell  adhesion.  Ann.  NY  Acad.  Sci.  760,  83-100. 

[34]  Xuan,  J.W.,  Hota,  C.,  Shigeyama,  Y.,  D'Errico,  J.A.,  Somerman,  M.J.,  Chambers,  A.F. 
(1995)  Site-directed  mutagenesis  of  the  arginine-glycine-aspartic  acid  sequence  in  osteopontin 
destroys  cell  adhesion  and  migration  functions.  J.  Cell  Biochem.  57,  680-690. 

[35]  Ashkar,  S.,  Weber,  G.F.,  Panoutsakopoulou,  V.,  Sanchirico,  M.E.,  Janssen,  M.,  Zawaideh, 
S.,  Rittling,  S.,  Denhardt,  D.T.,  Glimcher,  M.J.,  Cantor,  H.  (2000)  The  cytokine  Eta-l/Opn  is  an 
essential  molecular  bridge  to  type  1  (cell-mediated)  immunity.  Science  287,  860-864. 


24 


[36]  Adler,  B.,  Ashkar,  S.,  Cantor,  H.,  Weber,  G.F.  (2001)  Costimulation  by  extracellular  matrix 
proteins  determines  the  response  to  TCR  ligation.  Cell.  Immunol.  210,  30-40. 

[37]  Weber,  G.F.,  Adler,  B.,  Ashkar,  S.  (1999)  Osteopontin  in  oxidative  stress  responses.  In: 
Ruffolo,  R.R.  Jr.,  Feuerstein,  G.Z.,  Hunter,  A.J.,  Poste,  G.,  Metcalf,  B.W.  (Eds).  Inflammatory 
Cells  and  Mediators  in  CNS  Diseases.  Amsterdam  (Harwood  Academic  Publishers),  97-1 12. 

[38]  Lutz,  M.B.,  Granucci,  F.,  Winzler,  C.,  Marconi,  G.,  Paglia,  P.,  Foti,  M.,  Asmann,  C.U., 
Cairns,  L.,  Rescigno,  M.,  Ricciardi-Castagnoli,  P.  (1994)  Retroviral  immortalization  of 
phagocytic  and  dendritic  cell  clones  as  a  tool  to  investigate  functional  heterogeneity.  J.  Immunol. 
Meth.  174,  269-279. 

[39]  Stickeler,  E.,  Kittrell,  F.,  Medina,  D.,  Berget,  S.M.  (1999)  Stage-specific  changes  in  SR 
splicing  factors  and  alternative  splicing  in  mammary  tumorigenesis.  Oncogene  18,  3574-3582. 

[40]  Ashkar,  S.,  Glimcher,  M.J.,  Saavedra,  R.A.  (1993)  Mouse  osteopontin  expressed  in  E.  coli 
autophosphorylates  tyrosine  residues.  Biochem.  Biophys.  Res.  Comm.  194,  274-279. 

[41]  Ashkar,  S.,  Teplow,  D.B.,  Glimcher,  M.J.,  Saavedra,  R.A.  (1993)  In  vitro  phosphorylation 
of  mouse  osteopontin  expressed  in  E.  coli.  Biochem.  Biophys.  Res.  Comm.  191,  126-133. 

[42]  Ashkar,  S.,  Schaffer,  J.L.,  Salih,  E.,  Gerstenfeld,  L.C.,  Glimcher,  M.J.  (1995) 


25 


Phosphorylation  of  osteopontin  by  Golgi  kinases.  Ann.  NY  Acad.  Sci.  760,  296-298. 

[43]  Moses,  M.A.,  Sudhalter,  J.,  Langer,  R.  (1990)  Identification  of  an  inhibitor  of 
neovascularization  from  cartilage  .  Science  248,  1408-1410. 

[44]  Giunciuglio,  D.,  Cai,  T.,  Filanti,  C.,  Manduca,  P.,  Albini,  A.  (1995)  Effect  of  osteoblast 
supernatants  on  cancer  cell  migration  and  invasion.  Cancer  Lett.  97,  69-74. 

[45]  Unemori,  E.N.,  Werb,  Z.  (1986)  Reorganization  of  polymerized  actin:  a  possible  trigger  for 
induction  of  procollagenase  in  fibroblasts  cultured  in  and  on  collagen  gels.  J.  Cell  Biol.  103,  21- 
1031. 


[46]  Arch,  R,  Wirth,  K.,  Hofmann,  M.,  Ponta,  H.,  Matzku,  S.,  Herrlich,  P.,  Zoeller,  M.  (1992) 
Participation  in  normal  immune  responses  of  a  metastatic  inducing  splice  variant  of  CD44. 
Science  257,  682-685. 

[47]  Katagiri,  Y.U.,  Sleeman,  J.,  Fujii,  H.,  Herrlich,  P.,  Hotta,  H.,  Tanaka,  K.,  Chikuma,  S., 
Yagita,  H.,  Okumura,  K.,  Murakami,  M.,  Saiki,  I.,  Chambers,  A.F.,  Uede,  T.  (1999)  CD44 
variants  but  not  CD44s  cooperate  with  beta  1 -containing  integrins  to  permit  cells  to  bind  to 
osteopontin  independently  of  arginine-glycine-aspartic  acid,  thereby  stimulating  cell  motility  and 
chemotaxis.  Cancer  Res  59,  219-226. 

[48]  Xuan,  J.W.,  Hota,  C.,  Chambers,  A.F.  (1994)  Recombinant  GST-human  osteopontin  fusion 


26 


protein  is  functional  in  RGD-dependent  cell  adhesion.  J.  Cell.  Biochem.  54,  247-55. 

[49]  Singer,  I.I.,  Kawka,  D.W.,  Bayne,  E.K.,  Donatelli,  S.A.,  Weidner,  J.R.,  Williams,  H.R., 
Ayala,  J.M.,  Mumford,  R.A.,  Lark,  M.W.,  Giant,  T.T.,  et  al.  (1995)  VDIPEN,  a 
metalloproteinase-generated  neoepitope,  is  induced  and  immunolocalized  in  articular  cartilage 
during  inflammatory  arthritis.  J.  Clin.  Invest.  95,  2178-2186. 

[50]  Giachelli,  C.M.,  Lombardi,  D.,  Johnson,  R.J.,  Murry,  C.E.,  Almeida,  M.  (1998)  Evidence 
for  a  role  of  osteopontin  in  macrophage  infiltration  in  response  to  pathological  stimuli  in  vivo. 
Am.  J.  Pathol.  152,  353-358. 

[51]  Zhu,  X.L.,  Luo,  C.,  Ferrier,  J.M.,  Sodek,  J.  (1997)  Evidence  of  ectokinase-mediated 
phosphorylation  of  osteopontin  and  bone  sialoprotein  by  osteoblasts  during  bone  formation  in 
vitro.  Biochem.  J.  323,  637-643. 

[52]  Mukherjee,  B.D.,  Nemir,  M.,  Beninati,  S.,  Cordella-Miele,  E.,  Singh,  K.,  Chackalaparampil, 
I.,  Shanmugam,  V.,  DeVouge,  M.W.,  Mukherjee,  A.B.  (1995)  Interaction  of  osteopontin  with 
fibronectin  and  other  extracellular  matrix  molecules.  Ann.  NY  Acad.  Sci.  760,  201-212. 

[53]  Singhvi,  R.,  Kuman,  A.,  Lopez,  G.P.,  Stephanopoulos,  G.N.,  Wang,  D.L.,  Whitesides,  G.M., 
Ingber,  D.E.  (1994)  Engineered  cell  shape  and  function.  Science  264,  696-698. 


27 


LEGENDS  TO  TABLES  &  FIGURES 


Table  1.  Migratory  activity  of  osteopontin  and  its  thrombin  fragments.  A)  Chemotaxis  of 
A31.C1  cells,  stably  transfected  with  CD44.  Soluble  osteopontin  or  its  cleavage  fragments  were 
added  to  the  lower  well  of  a  Boyden  chamber  in  the  presence  or  absence  of  equal  amounts  of 
osteopontin  or  its  fragments  in  the  upper  well.  Values  are  expressed  as  total  numbers  of 
transmigrated  cells  (mean  +  standard  error),  numbers  in  bold  are  significantly  different  from 
control  values  with  p  <  0.01  or  better.  Numbers  in  italics  are  significantly  different  from  the 
value  in  the  top  row  of  the  column  (reflecting  inhibition  of  maximally  induced  migration)  with  p 

<  0.05  or  better.  B)  Chemotaxis  of  MH-S  cells.  Soluble  osteopontin  or  its  cleavage  fragments 
were  added  to  the  Boyden  chamber  as  described  in  A).  Values  are  expressed  as  total  numbers  of 
transmigrated  cells  (mean  +  standard  error),  numbers  in  bold  are  significantly  different  from 
control  values  with  p  <  0.01  or  better.  Numbers  in  italics  are  significantly  different  from  the 
value  in  the  top  row  of  the  column  (reflecting  inhibition  of  maximally  induced  migration)  with  p 

<  0.05  or  better.  C)  Haptotactic  response  of  MH-S  cells.  The  lower  side  of  the  transwell 
membrane  was  coated  with  increasing  amounts  of  osteopontin  (OPN)  in  the  presence  or  absence 
of  increasing  amounts  of  osteopontin  on  the  upper  side  of  the  transwell  membrane.  Data  are 
expressed  as  migratory  index  (cells  migrating  in  response  to  osteopontin/cells  migrating  in 
response  to  buffer).  Values  are  expressed  as  mean  +  standard  error,  numbers  in  bold  are 
significantly  different  from  control  values  with  p  <  0.01  or  better.  D,E)  Left  panel:  Haptotaxis  of 
MH-S  cells  across  polycarbonated  filters  in  response  to  osteopontin  (300  pmoles)  bound  to  the 
lower  surface.  In  controls  wells,  coated  filters  were  placed  into  the  Boyden  chamber  with  the 
coated  side  up  or  with  both  sides  coated  (compare  C)).  Right  panel:  Chemotactic  activity  was 
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tested  with  soluble  osteopontin  (300  nM)  in  the  lower  chamber.  Monocyte  migration  was  mainly 
directional  (i.e.,  the  cells  responded  to  a  positive  gradient  of  osteopontin,  compare  A,B)).  D) 
Purified  natural  osteopontin  (nOPN)  exerted  chemotactic  and  haptotactic  activity  for  the  MH-S 
monocyte  cell  line  through  distinct  domains  which  were  differentially  inhibited  by  modulators  of 
integrin  binding  (GRGDS  peptide,  anti-integrin  fb  antibody  2C9.G2)  or  CD44  binding  (antibody 
KM81,  clone  TIB  241).  The  antibody  concentrations  used  were  saturating  in  a  preliminary 
experiment  as  judged  by  titration  of  anti-integrin  (b  antibody  (haptotactic  indices  9.8  at  0  jj,g,  2.0 
at  0.1  |xg,  2.2  at  0.2  jig,  2.2  at  0.5  p,g)  and  anti-CD44  (chemotactic  indices  13.3  at  0  jig,  4.9  at  0.1 
|ig,  4.4  at  0.5  jig,  5.1  at  1  jig,  4.3  at  2  jig).  E)  Recombinant  osteopontin  (rOPN)  was 
phosphorylated  with  the  indicated  kinases  as  previously  described  [30,40,41,42].  rOPN  (GK), 
recombinant  osteopontin  phosphorylated  with  Golgi  kinases  isolated  for  mouse  calvarial  cells  (14 
mol  of  phosphate/mol  protein);  rOPN  (CKH)  rOPN  phosphorylated  with  casein  kinase  II  (9  mol 
phosphate/mol  protein);  rOPN  (CKI)  phosphorylated  with  casein  kinase  1(11  mol  phosphate/mol 
protein);  rOPN  (PKA)  recombinant  osteopontin  phosphorylated  with  cAMP  dependent  kinase 
(low  incorporation  of  phosphate);  rOPN  (PKG)  recombinant  osteopontin  phosphorylated  with 
cGMP  dependent  protein  kinase  (3  mol  phosphate/mol  protein);  OPN-NTlOk  N-terminal  10  kD 
fragment  of  osteopontin.  Since  phosphorylation  at  any  site  never  reaches  100%  the  mol 
phophate/mol  protein  underestimate  the  total  number  of  sites  phosphorylated.  Data  are  expressed 
as  migratory  index  (cells  migrating  in  response  to  osteopontin/cells  migrating  in  response  to 
buffer).  Values  are  expressed  as  mean  +  standard  error,  numbers  in  bold  are  significantly 
different  from  control  values  with  p  <  0.05  or  better.  Similar  results  were  obtained  with  MT-2/1 
cells  (not  shown). 


29 


Figure  1:  Titration  of  osteopontin  into  the  peritoneum  induces  a  cellular  infiltrate  in  a  dose 
dependent  manner.  The  numbers  reflect  induction  ratios  after  6  h  of  A)  total  cells  (O)  or  B) 
cells  with  the  surface  markers  Mac-1+  (“),  B220+  (■)  or  CD3+  (□)  in  mice  injected  with 
osteopontin  versus  mice  injected  with  PBS  (baseline  cell  numbers  for  PBS-injected  mice  ranged 
from:  443,000  to  l.lxlO6  cells  total;  224,000  to  596,000  Mac-1+  cells;  31,300  to  176,000  B220+ 
cells;  18,100  to  214,100  CD3+  cells).  The  data  points  are  combined  from  three  experiments. 
Error  bars,  where  indicated,  are  mean  +  standard  error. 

Figure  2:  Expression  of  CD44  and  integrin  by  MH-S  and  MT-2  cells.  The  expression 
levels  of  CD44  and  integrin  p3  were  measured  by  flow  cytometry  with  FITC-conjugated 
antibodies  to  these  surface  receptors  (anti-pan-CD44  clone  IM7  and  2C9.G2)  and  an  irrelevant 
control  antibody  (open  peak,  not  labeled).  RT-PCR  with  primers  for  the  constitutive  exons  5  and 
16  of  CD44  (MT-2  CD44  and  MH-S  CD44)  amplifies  a  prominent  band  of  about  200  bp  in  both 
macrophage  cell  lines  (with  these  primers,  the  standard  form  would  yield  a  product  of  135  bp 
[39])  indicating  that  standard  CD44  is  not  abundantly  expressed.  RT-PCR  with  primers  for  the 
exons  5  and  v6  (MT-2  v6  and  MH-S  v6)  results  in  three  PCR  products,  ranging  in  size  from 
around  200  bp  to  400  bp,  corroborating  the  expression  of  multiple  CD44  variants  that  contain  the 
exon  v6.  No  bands  were  seen  in  the  no-template  controls  (H20  CD44  and  H20  v6).  The  two 
lateral  lines  indicate  the  positions  of  the  markers  for  194  bp  and  300  bp. 

Figure  3:  Phosphorylation  of  osteopontin  is  required  to  induce  cell  spreading.  MH-S 
monocytic  cells  (103/well)  or  MT-2/1  cells  (not  shown)  were  incubated  in  96-well  plates  that  had 
been  coated  with  10  pg/ml  (300  nM)  of  the  indicated  ligands  for  1  hr  before  washing,  staining 
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with  toluidine  blue,  and  counting.  Top  panel)  Change  in  cell  morphology  (1)  MH-S  cells 
attached  to  and  spread  on  immobilized  phosphorylated  osteopontin  (2)  MH-S  cell  bound  to 
unphosphorylated  osteopontin  do  not  spread  (original  magnification  400X).  Middle  panel) 
Numbers  of  cells  attached  to  the  indicated  ligands  in  the  presence  or  absence  of  GRGDS  peptide 
or  of  the  control  peptides  GRGES  or  SGRSD.  Values  are  expressed  as  mean  +  standard  error. 
Bottom  panel)  Numbers  of  cells  spread  on  the  indicated  ligands  in  the  presence  or  absence  of 
GRGDS.  Values  are  expressed  as  mean  +  standard  error.  rOPN  =  recombinant  osteopontin,  ~P  = 
native  phosphorylated  osteopontin,  -  =  no  osteopontin,  NT  =  N-terminal  thrombin  cleavage 
fragment  of  osteopontin,  CT  =  C-terminal  fragment. 

Figure  4:  Induction  of  metalloprotease  secretion  by  phosphorylated  but  not 
unphosphorylated  osteopontin.  MH-S  cells  were  stimulated  for  6  hours  with  either 
phosphorylated  or  unphosphorylated  osteopontin  at  a  concentration  of  10  pg/ml  (300  nM)  in 
serum-free  defined  medium.  In  order  to  visualize  the  secreted  metalloproteases,  gelatin 
zymograms  were  performed.  MMP-9  and  pre-MMP-9  are  both  visible  in  the  sample  stimulated 
with  natural  osteopontin  (lane  2)  and  samples  stimulated  with  phosphorylated  recombinant 
osteopontin  (lane  3).  Dephosphorylation  of  osteopontin  with  acid  phosphatase  abolishes  the 
stimulatory  activity  of  osteopontin  (lane  4).  Similarly,  recombinant  osteopontin  has  no 
stimulatory  activity  (lane  5).  The  pre-form,  but  not  active  MMP9,  is  stimulated  by  the  N-terminal 
fragment  of  osteopontin  (lane  6),  while  the  C-terminal  fragment  of  osteopontin  has  little  or  no 
stimulatory  activity  (lane  7).  Control:  MH-S  cells  were  incubated  with  serum-free  defined 
medium  (lane  1). 
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Figure  5:  Osteopontin  induces  secretion  of  inflammatory  mediators  from  macrophages. 

Resident  peritoneal  macrophages,  obtained  by  peritoneal  lavage  with  phosphate-buffered  saline 
were  treated  with  red  cell  lysis  buffer  and  incubated  (105  macrophages  per  100  pi)  for  2  hours. 
The  adherent  fraction  was  incubated  with  5  nM  osteopontin  (OPN  =  native  osteopontin,  dpOPN 
=  dephosphorylated  native  osteopontin,  rOPN  =  recombinant  osteopontin,  rOPN~P  = 
recombinant  osteopontin  phosphorylated  by  Golgi  kinases)  or  30  ng/ml  lipopolysaccharide 
(LPS).  Supernatant  IL-1(3,  IL-6,  IL-10,  EL-12  and  TNFa  were  assayed  at  24  or  48  h  post 
stimulation,  with  commercial  ELISA  kits  (R&D  Systems,  Minneapolis,  MN).  Similar  results 
were  obtained  with  the  MH-S  cell  line. 

Figure  6:  Model  of  monocyte  regulation  by  osteopontin.  Osteopontin  is  secreted  by  activated 
T-cells.  Thrombin  cleavage  releases  the  two  receptor-binding  domains  which  carry  out  distinct 
functions  in  the  cascade  of  events  leading  to  macrophage  attraction  and  activation.  The  C- 
terminal  piece  exerts  chemotactic  activity  that  is  phosphorylation  independent,  leading  to 
attraction  of  macrophages  to  the  cleavage  site  and  cellular  attachment  to  the  osteopontin  N- 
terminal  fragment.  Phosphorylation-dependent  haptotaxis  on  cross-linked  osteopontin  or  OPN- 
NT  leads  to  macrophage  spreading  and  activation,  including  induction  of  cytokine  secretion  and 
release  of  metalloproteases  that  can  degrade  the  matrix. 
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SUMMARY 


Activation  of  the  transcription  factor  NF-kB  may  be  regulated  by  various  modes  of 
phosphorylation.  P65,  p49,  and  p50  are  specific  substrates  for  cyclic  GMP-dependent  protein  kinase 
(PKG).  Phosphorylation  of  p65  by  PKG  dose-dependently  increases  its  transactivating  activity  from 
the  NF-kB  consensus  sequence.  Phosphorylation  of  p50  or  p49  mediates  a  dose-dependent  increase 
in  transcriptional  activity  from  a  unique  C/EBP-associated  NF-kB  site,  but  not  from  the  consensus 
site.  These  results  imply  a  novel  mechanism  for  PKG-induced  gene  transcription  and  they  reveal  a 
form  of  differential  regulation  of  NF-kB  activity  by  phosphorylation  of  the  DNA-binding  subunits. 
They  may  also  bear  on  ongoing  efforts  to  induce  cancer  cell  apoptosis  through  activation  of  PKG. 
Furthermore,  our  experiments  highlight  potentially  confounding  factors  in  transient  transfection 
assays  with  reporter  genes.  Conventionally,  co-transfections  are  performed  with  plasmids 
containing  highly  active  viral  promoters,  such  as  CMV.  The  NF-kB  binding  sites  in  the 
transfected  CMV  promoters  can  compete  with  the  NF-kB  sites  in  the  relevant  reporter  constructs, 
thus  suppressing  the  reporter  signal.  NF-kB  proteins  can  alter  the  expression  levels  of  co¬ 
transfected  genes  by  transactivation  from  the  CMV  promoter.  Finally,  co- transfected  gene 
products  may  transactivate  the  reporter  gene,  independently  of  or  synergistically  with  NF-kB. 
These  sources  of  interference  need  to  be  taken  into  account  during  the  performance  of  reporter 
gene  experiments. 
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INTRODUCTION 


The  enzyme  cyclic  GMP-dependent  kinase  (cGK,  PKG)  is  an  important  mediator  of 
intracellular  signal  transduction,  involved  in  such  diverse  processes  as  the  regulation  of  blood 
vessel  tone,  platelet  aggregation,  and  long  term  potentiation  in  memory  formation  (1,  2,  3). 
Furthermore,  PKG  may  regulate  apoptosis  positively  (4,  5,  6,  7,  8)  or  negatively  (9),  possibly 
depending  on  other  modulating  biochemical  events  (10).  Efforts  have  been  made  to  induce 
cancer  cell  apoptosis  with  sulindac  sulfone  (exisulind,  Aptosyn),  which  activates  PKG  (11,  12, 
13).  Neoplastic  ovarian  epithelial  cells  may,  however,  down-regulate  PKG  levels  (14),  possibly 
contributing  to  enhanced  tumor  cell  survival.  Although  PKG  -  like  cyclic  AMP-dependent  kinase 
(PKA)  -  can  phosphorylate  and  activate  the  transcription  factor  CREB  the  connection  of  PKG  to 
gene  expression  is  incompletely  understood.  Recently,  the  localization  of  the  PKG  form  I  in  the 
cytosol  and  the  nucleus  was  reported  (15,  16),  suggesting  a  broader  role  for  PKG  in  the 
regulation  of  gene  transcription. 

The  transcription  factor  NF-kB  (17,  18)  mediates  a  wide  range  of  cellular  stress  responses.  Its 
biologic  roles  necessitate  a  rapid  activation  of  the  preformed  cytosolic  complex,  which  is  typically 
accomplished  by  phosphorylation.  NF-kB  phosphorylation  is  functionally  relevant  on  three  levels. 
Firstly,  it  targets  the  inhibitor  I-kB  for  degradation.  Even  though  phosphorylation  of  I-kB  is  not 
sufficient  to  dissociate  the  complexes  of  I-kB  and  NF-kB  in  vivo,  phosphorylation  on  serines  32  or 
36  is  a  prerequisite  for  I-kB  degradation  in  the  ubiquitin-proteasome  pathway  (19).  Secondly, 
phosphate  residues  contribute  to  the  processing  of  the  pi 00  and  pi 05  NF-kB  precursor  proteins  for 
p50  and  p49/p52.  A  prerequisite  for  the  proteolytic  cleavage  of  pi 05  is  the  phosphorylation  of 
serines  894  and  908,  which  are  potential  recognition  sites  for  proline-directed  serine/threonine 
kinases,  including  cyclin-dependent  kinases  and  Erk2  kinase  (20).  The  phosphorylation  of  the  C- 
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terminal  region  of  pi 05  may  be  mediated  by  cyclic  AMP-dependent  protein  kinase  or  protein 
kinase  C  (21).  Finally,  direct  phosphorylation  of  the  DNA-binding  NF-kB  subunits  can  regulate 
their  functions. 

Phosphorylation  of  the  DNA-binding  NF-kB  subunits  may  modulate  DNA  binding  affinity, 
transactivation,  or  the  interaction  with  other  regulatory  proteins.  A  PKA  recognition  sequence 
within  the  Rel  homology  domain,  which  contains  DNA  binding  sites  and  nuclear  localization 
signals,  has  been  linked  to  the  transformation  of  avian  spleen  cells  by  v-rel  and  to  the  cytoplasmic 
retention  of  c-Rel  in  chicken  embryo  fibroblasts  (22).  PKA  activates  NF-kB  in  a  manner  that  is 
independent  of  I-kB  phosphorylation,  does  not  impair  its  interaction  with  unmodified  pi 05,  and 
induces  transactivation  (21,  23).  This  is  accomplished  through  the  recruitment  of  CBP/p300  by 
phosphorylated  p65  (24,  25,  26).  Some  investigators  have  not  found  p65,  p50,  or  p52  to  be 
phosphorylated  by  PKA  or  PKC  (21,  27).  While  p65  and  p50  have  recognition  sequences  for  PKA 
or  PKG,  p49  does  not  have  such  a  consensus  site  (22,  28),  however  related  sequences  are  found  in 
all  three  molecules.  Our  previous  studies  (7)  suggested  that  NF-kB  may  be  activated  by  PKG. 
Subsequent  investigations  indicated  that  p49  and  p50  are  substrates  for  the  kinase.  Here  we  analyze 
the  mechanisms  by  which  PKG  induces  NF-kB  activation. 
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EXPERIMETNAL  PROCEDURES 


•9.  V 


Reagents  -Recombinant  human  NF-kB  p49  and  p50  were  obtained  from  Promega.  The  a- 
isozyme  of  cGMP-dependent  protein  kinase,  purified  from  bovine  lung  or  recombinant  bovine,  was 
purchased  from  Promega  or  Calbiochem.  The  following  oligonucleotides  were  utilized  in  gel  shift 
reactions  after  radiolabeling  with  T4  polynucleotide  kinase:  NF-kB  consensus  (Promega,  sense  5’- 
AGT  TGA  GGG  GAC  TTT  CCC  AGG  C-3’),  OCT1  (Promega,  sense  5’-TGT  CGA  ATG  CAA 
ATC  ACT  AGA  A-3’),  H2K  (sense  5’-GGA  TCC  CGG  TCG  GGG  GAT  TCC  CCA  TCT  COG¬ 
S’),  k  enhancer  (sense  5’-AGC  AGA  GGG  GAC  TTT  CCG  AGG  C-3’),  NF-kB-CRE  (a  NF-KB 
site  from  the  CMV  promoter  sequence,  sense  5’-CAA  TAG  GGA  CTT  TCC  ATT  GAC  GTC  AAT 
GGG-3’).  The  custom  made  oligonucleotides  were  obtained  as  single  stranded  and  were  annealed 
to  double  stranded  probes  after  phosphorylation  with  T4  polynucleotiode  kinase  and  y-32P-ATP. 
Double-stranded  poly(dl-dC)  poly(dl-dC)  was  purchased  from  Pharmacia.  The  cGMP-dependent 
kinase  inhibitor  Rp-8-pCPT-cGMPS  was  purchased  from  Biolog. 

Various  reporter  constructs  were  used  in  this  study.  They  included  a  commercial  NF-kB 
luciferase  reporter  (pNF-KB-luc,  Clontech)  that  contains  four  consensus  NF-kB  sites.  A  luciferase 
reporter  containing  the  C-reactive  protein  promoter  (pC/EBP-luc)  and  a  relevant  control  with  a 
mutated  NF-kB  p50  binding  site  (pC/EBP-mP50-luc)  were  generously  provided  by  Dr.  David 
Samols.  We  cloned  the  luciferase  reporter  gene  into  the  vector  pCR3.1,  which  contains  the  CMV 
promoter  sequence,  to  generate  a  luciferase  reporter  for  CMV  promoter  activity  (pCR3.1-luc). 

Kinase  reaction-The  enzymatic  activity  of  cGMP-dependent  kinase  was  analyzed  in  kinase 
reaction  buffer  (250  mM  Mes,  pH  6.9,  2  mM  EGTA,  5  mM  magnesium  acetate,  50  mM  NaCl,  10 
mg/ml  BSA,  100  mM  dithiothreitol,  2  mM  protein  kinase  A  inhibitor  peptide)  with  1  mg/ml 
Kemptide  substrate  (LRRASLG)  and  1  mM  y-32P-ATP  (30  to  40  cpm/pmol).  The  reaction  was 
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performed  in  the  presence  or  absence  of  200  pM  cyclic  GMP  at  room  temperature  for  3  min.  The 
reaction  was  terminated  by  spotting  50  pi  onto  Whatman  P-81  filter  paper  and  immediate 
immersion  in  10  ml  75  mM  H3PO4  for  2  min.  This  was  followed  by  5  washes  in  10  ml  75  mM 
H3PO4,  air  drying,  and  scintillation  counting. 

Phosphorylation  of  PKG  substrates  (93  ng/pl  for  recombinant  NF-kB  p49  and  p50;  500  ng/pl 
for  p65)  was  performed  in  100  mM  Tris-HCl,  pH  7.5,  20  mM  sodium  chloride,  10  mM 
dithiothreitol,  2  mM  magnesium  acetate,  200  pM  ATP,  at  room  temperature  for  15  minutes.  The 
kinase  concentration  was  3.5  U/pl,  while  cyclic  GMP  was  present  at  200  pM.  MOPS  buffer  was 
not  used  because  it  is  incompatible  with  the  electrophoretic  mobility  shift  assay  after  transfer.  There 
was  no  loss  of  PKG  enzymatic  activity  in  Tris  buffer  at  the  indicated  concentration. 

293T  cells  (lxlO6  per  100  mm  diameter  Petri  dish)  were  transiently  transfected  with  0.3  pg 
pFLAG-p49  or  pRSV-p65  with  CaCh.  24  hours  after  transfection,  the  cells  were  lysed  in  0.5  ml 
RJPA  buffer  and  precleared  with  30  pi  20%  protein  A  agarose  beads  overnight.  1  pg  anti-FLAG  or 
anti-p65  antibodies  were  added  for  2  h  at  4°C  followed  by  pulling  down  with  30  pi  20%  protein  A 
agarose  beads  for  an  additional  1  h.  The  agarose  beads  were  pelleted  at  14,000  g  for  1  min  and 
washed  four  times  in  cold  RIPA  buffer,  then  two  times  in  detergent-free  buffer  (50  mM  Tris-HCl 
pH  7.5,  150  mM  NaCl).  Kinase  reaction  buffer  was  directly  added  to  the  pelleted  beads  with  or 
without  PKG  and  cGMP  as  indicated  plus  1  pi  y-32P-ATP  for  15  min  at  room  temperature.  The 
reaction  solutions  were  then  resolved  on  8%  reducing  denaturing  SDS-polyacrylamide  gel  and 
transferred  to  PVDF  membranes  for  autoradiographic  exposure  and  Western  blotting. 

Electrophoretic  mobility  shift  assay~DNA  binding  was  assessed  by  electrophoretic  mobility 
shift  according  to  standard  protocols.  The  reaction  mixture  contained  10  mM  Tris-HCl,  pH  7.5,  1 
mM  EDTA,  pH  8.0,  35  mM  NaCl,  50  pg/ml  poly(dl-dC)  poly(dl-dC),  and  5%  glycerol  plus  labeled 
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probe.  The  DNA  binding  proteins  were  transferred  from  the  kinase  reaction  mixture.  The  reaction 
was  incubated  at  room  temperature  for  20  minutes  before  separation  on  a  native  4%  polyacrylamide 
gel.  For  supershift,  the  appropriate  antibodies  (0.05-0.1  p,g)  were  incubated  with  the  nuclear 
extracts  for  10  min  at  room  temperature  before  adding  DNA  binding  buffer. 

Cloning  of  relevant  gene  products-To  clone  mouse  PKG  la  cDNA,  frozen  mouse  kidney  tissue 
was  homogenized  and  total  RNA  was  isolated  by  using  RNeasy  mini  kit  from  Qiagen  (Valencia, 
CA)  following  the  manufacturer’s  protocol.  1  pg  total  RNA  was  used  for  cDNA  synthesis  with 
Superscript  II  RNase  H  reverse  transcriptase  (Gibco  BRL,  USA).  The  coding  sequence  of  PKG  la 
was  amplified  with  the  primers  5  ’  -AGC  ATGGGC  ACCCTGCGGGATTTA-3  ’  and  5’- 
ATTAGAAGTCTATGTCCCAGCCTGAGTTG-3’.  The  amplified  fragment  was  cloned  into  the 
vector  pCR3.1  (Invitrogen  Carlsbad,  CA)  followed  by  subcloning  into  the  vector  pEF6/His  B 
(Invitrogen,  Carlsbad,  CA).  Sequence  fidelity  and  accurate  reading  frame  were  verified  by  DNA 
sequencing  analysis. 

Targeted  mutations  in  p65  were  generated  in  positions  276  and  305  by  PCR  cloning  with  the 
Quickchange  site  directed  mutagenesis  kit  (Stratagene)  according  to  the  protocol  by  the 
manufacturer.  The  sense  mutagenic  oligonucleotides  used  were  5’- 
GCGGCGGCCTGCCGACCGGGAGCTC  AGT-3  ’  for  S276A  and  5’- 

AAACGTAAAAGGGCATATGAGACCTTCAAGAGCATC-3’  for  T305A  (mutations 
underlined).  The  accuracy  of  the  mutations  was  confirmed  by  DNA  sequencing. 

P49  was  Flag-tagged  at  the  5 ’-end  by  PCR  using  the  primers  5’- 
CTGCAGCATGGACTACAAGGACGACGATGACAAGGAGAGTTGCTACAACCCAGGTCT 
G-3’  and  5 ’ -GAGAGTTGCTACAACCC AGGTCTG-3 ’  with  pRSV-p49  as  a  template.  The 
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amplified  fragment  was  cloned  into  the  vector  pCR3.1  and  sequence  fidelity  was  confirmed  by 
DNA  sequencing. 

Reporter  gene  assays  — 293T  cells  were  plated  at  1  x  106  cells  per  100  mm  diameter  Petri  dish 
and  were  grown  for  24  hours  before  transfection  with  CaCh.  The  commercial  pNF-KB-luc  reporter 
(Clontech,  Palo  Alto,  CA)  contains  four  NF-kB  response  elements  and  was  used  at  0.5  pg  per 
transfection.  The  common  internal  transfection  standard  pRL-SV40  (10  ng  per  transfection)  served 
as  a  control  for  transfection  efficiency.  Renilla  was  not  used  in  transfection  experiments  with  the 
non-commercial  reporter  constructs  because  the  luminescence  intensity  is  too  high  compared  to  the 
specific  readout.  24  hours  after  transfection,  the  cells  were  harvested  in  1  ml  reporter  lysis  buffer 
(Promega)  and  dual  luciferase  reporter  assays  were  performed  following  the  protocol  provided  by 
the  manufacturer.  Lysates  were  diluted  1 :40  and  10  pi  were  used  for  measurement  in  a  luminometer 
(Turner  Designs  TD-20/20).  In  reporter  gene  experiments  without  Renilla,  luminescene  was 
measured  in  40  pg  (total  protein)  of  lysate.  All  assays  were  done  at  least  in  triplicates.  The  protein 
concentrations  were  determined  by  the  BCA  protein  assay  reagent  kit  (Pierce).  As  confirmation  of 
protein  expression,  20  pg  of  the  same  lysates  were  also  used  for  separation  on  8%  SDS- 
polyacrylamide  gels  followed  by  Western  blotting  on  PVDF  membranes.  PKG  kinase  activity  in  the 
lysates  was  confirmed  by  phosphorylation  of  the  standard  substrate  LRRASLG  (“kemptide”)  where 
indicated. 

Western  blotting- Cells  were  lysed  in  RIPA  (50  mM  Tris-HCl  pH  7.5,  150  mM  NaCl,  1% 
NP-40,  0.5%  Na-deoxycholate,  0.1%  sodium  dodecyl  sulfate)  or  NTEN  buffer  (20  mM  Tris-HCl, 
pH  8.0,  120  mM  NaCl,  0.5%  NP40)  containing  1  mM  phenyl-methyl-sulfonyl-fluoride  (PMSF), 
10  pg/ml  pepstatin,  and  1  mM  dithiothreitol.  The  lysates  were  centrifuged  at  15  000  g  for  5  min 
and  the  protein  concentration  was  determined  in  the  supernatants.  20  pg  total  protein  were 
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resolved  on  reducing  denaturing  SDS-polyacrylamide  gels  and  transferred  to  PVDF  membranes. 
The  membranes  were  probed  with  appropriate  antibodies  followed  by  horseradish  peroxidase- 
conjugated  secondary  antibodies  and  development  using  enhanced  chemiluminescence.  Anti-p65 
antibody  (C-terminus,  rabbit  polyclonal),  anti-p50  anitbody  (rabbit  polyclonal),  and  anti-p52 
antibody  (rabbit  polyclonal,  used  to  detect  p49)  were  obtained  from  Upstate  Biotechnology  (Lake 
Placid,  NY).  Anti-PKG  antibody  (C-terminal,  aa  657-671,  rabbit  polyclonal)  was  purchased  from 
Calbiochem  (La  Jolla,  CA).  Reprobing  of  the  membranes  with  anti-tubulin  antibody  (Sigma) 
served  as  additional  loading  control. 

Cells  —Reporter  assays  were  performed  by  transient  transfections  of  293T  cells.  03  is  a  CD4+ 
T-helper  cell  clone  derived  from  BALB/c  mice  after  in  vitro  selection  for  proliferation  to  ovalbumin 
in  association  with  BALB/c  antigen-presenting  cells  (29).  03  cells  express  Vp6  and  respond  to 
conventional  antigen  (ovalbumin)  and  to  the  retroviral  superantigen  MTV-7  (Mls-la)  (30).  The 
AF3.G7  hybridoma  was  generated  by  fusing  beef  insulin  immune  C57BL/6  lymph  node  cells  with 
the  BW5147  thymoma  line.  It  bears  Vp6  and  Va3.2  and  responds  to  MTV-7  according  to  IL-2 
production  (31).  After  stimulation  by  conventional  antigen  or  superantigen,  the  T-cells  were 
obtained  by  passage  through  Cell-ect™  columns  (Biotex  Laboratories  Inc.,  Edmonton,  Alberta, 
Canada)  for  the  preparation  of  nuclear  extracts.  As  control  for  activation,  measurement  of  3H- 
thymidine  incorporation  by  03  cells  after  stimulation  with  mitomycin  C-treated  LBB  cells  as 
antigen-presenting  cells  was  performed  as  described  previously  (30). 
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RESULTS 


NF-kB  may  be  activated  by  PKG  in  T -lymphocytes— T-lymphocytes  respond  to  engagement  of 
their  antigen  receptor  by  conventional  antigen  peptide  with  proliferation.  We  have  previously 
described  an  alternative  signal  transduction  pathway,  associated  with  the  T-cell  antigen  receptor, 
that  is  induced  by  superantigen  and  leads  to  activation  of  PKG  and  programmed  cell  death  (7).  We 
compared  the  induction  of  NF-kB  in  the  T-cell  clone  03  following  stimulation  by  conventional 
antigen  or  retroviral  superantigen.  In  electrophoretic  mobility  shift  assays  measuring  the  binding  to 
a  NF-kB  consensus  probe,  both  bands  were  induced  by  the  conventional  antigen.  In  contrast, 
predominantly  the  lower  band  was  induced  by  stimulation  with  superantigen  (Fig.  1),  which 
activates  signal  transduction  involving  PKG.  This  was  not  due  to  quantitative  differences  in 
stimulation  because  both  modes  of  T-cell  activation  induced  comparable  levels  of  tritiated 
thymidine  incorporation  in  the  same  experiment.  Treatment  of  nuclear  extracts  from  resting  03  T- 
cell  clones  or  AF3.G7  T-cell  hybridoma  cells  with  PKG  and  cGMP  induced  DNA  binding  of  the 
lower  band  to  a  NF-kB  consensus  oligonucleotide.  A  similar  induction  was  seen  in  AF3.G7  cytosol 
and  this  was  inhibitable  by  increasing  amounts  of  the  competing  PKG  substrate  peptide 
GRTGRRNSI  (“PKI  substrate”).  We  therefore  set  out  to  investigate  the  potential  role  of  PKG  in  the 
induction  of  NF-kB. 

P49,  p50,  and  p65  are  substrates  for  cyclic  GMP -dependent  kinase— NF-kB  p49,  p50,  and  p65 
are  phosphorylated  by  cyclic  GMP-dependent  kinase  and  the  phosphorylation  levels  are  enhanced 
by  addition  of  cyclic  GMP.  The  substrate  peptide  GRTGRRNSI  (“PKI  substrate”),  but  not  the 
control  peptide  GRTGRRNAI,  inhibits  phosphorylation  of  p49  or  p50  as  well  as 
autophosphorylation  of  cGMP-dependent  kinase  in  a  dose-dependent  manner.  Similar  observations 
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were  made  for  the  inhibition  of  p65  phosphorylation  by  GRTGRRNSI  (see  Fig.  8B).  The  kinase 
reactions  on  p49  and  p50  are  also  inhibited  by  the  cGMP-dependent  kinase  inhibitor  Rp-8-pCPT- 
cGMPS  at  a  high  concentration.  Consistent  with  the  competitive  function  of  the  compound, 
inhibition  is  complete  in  the  absence  of  cGMP  but  partial  in  the  presence  of  cGMP  (Fig.  2A-C). 
There  is  substantial  substrate  overlap  between  PKA  and  PKG.  Cyclic  AMP-dependent  kinase  also 
phosphorylates  p50  with  comparable  efficiency,  but  p49  is  phosphorylated  strongly  by  cGMP 
kinase  and  only  very  weakly  by  PKA  (data  not  shown). 

We  expressed  p49  and  p65  by  transient  transfection  in  293T  cells.  P65  was  immunoprecipitated 
with  a  specific  antibody  and  p49  was  immunoprecipitated  with  an  antibody  to  Flag-tag.  The  pulled- 
down  proteins  were  phosphorylated  by  PKG  in  vitro.  Both  NF-kB  subunits  incorporated  radioactive 
phosphate  (Fig.  2D).  In  vivo  binding  between  p65  or  p49  and  PKG  was  further  confirmed  by  co- 
immunoprecipitation  of  the  kinase  with  an  antibody  to  either  p65  or  Flag-tag  (for  p49)  after  co¬ 
transfection  of  the  kinase  with  either  of  the  NF-kB  proteins  (Fig.  2E). 

Phosphorylation  of  NF-kB  proteins  increases  their  transactivating  activity  from  distinct  NF-kB 
sites-  We  asked  whether  PKG  can  alter  the  transactivating  activity  of  p65  as  judged  by  luciferase 
assays  with  a  commercial  NF-kB  luciferase  reporter  that  contains  four  consensus  NF-kB  sites.  Co¬ 
transfection  of  increasing  amounts  of  PKG  enhanced  dose-dependently  the  transactivating  activity 
of  transfected  p65.  The  results  were  consistent  with  the  protein  expression  levels  and  kinase 
activities  in  the  cell  lysates  (Fig.  3A).  Therefore,  phosphorylation  of  p65  by  PKG  may  increase  its 
transactivating  ability. 

To  determine  the  specificity  of  the  PKG-dependent  induction  of  p65  transactivating  activity  we 
performed  co-transfection  experiments  with  other  reporters  that  contain  NF-kB  binding  sites. 
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Consistent  with  earlier  reports  (32,  33,  34),  p65  does  not  transactivate  a  non-consensus  motif 
associated  with  C/EBP,  which  is  found  in  the  C-reactive  protein  promoter  (Fig.  3B).  In  both  cases, 
the  lack  of  transactivation  is  not  overcome  by  PKG. 

The  NF-kB  protein  p50  contains  a  DNA  binding  domain,  but  no  transactivation  domain. 
Nevertheless,  transactivation  may  be  observed  after  transfection  of  p50  into  cells,  presumably  due 
to  its  binding  to  endogenous  interaction  partners.  Those  include  most  prominently  p65,  but  also 
Bcl-3  (35).  In  addition,  p50-dependent  transactivation  may  occur  from  a  non-consensus  site  in 
conjunction  with  C/EBP  (32,  33).  We  used  the  non-consensus  reporter  construct  in  transient  co¬ 
transfection  assays.  No  reporter  activity  was  induced  by  PKG,  whereas  p50  dose-dependently 
increased  luciferase  activity  (data  not  shown).  Co-transfection  of  PKG  with  low  amounts  of  p50 
(0.3  jig  DNA)  dose-dependently  enhanced  its  transactivating  activity  (Fig.  4A)  consistent  with  the 
increased  affinity  of  p50  to  this  DNA  sequence  after  phosphorylation  by  PKG  (see  below).  In  all 
transactivation  experiments,  comparable  results  were  obtained  with  murine  p50  (data  not  shown). 
P49  and  p50  have  similar  DNA  binding  characteristics.  We  found  p49  to  also  transactivate  from  the 
non-consensus  NF-kB  site  in  a  manner  that  could  be  increased  dose-dependently  by  co-transfected 
PKG  (Fig.  4B). 

We  then  tested  whether  p50  or  p49  transactivate  a  commercial  luciferase  reporter  that  contains 
four  NF-kB  consensus  sites  and  whether  transactivation  under  these  conditions  might  be  modulated 
by  PKG.  Luciferase  activity  was  not  induced  by  transfection  of  p49  or  p50.  Furthermore,  co¬ 
transfection  of  p50  or  p49  with  increasing  amounts  of  PKG  did  not  lead  to  measurable 
transactivation  from  the  commercial  luciferase  reporter  (Fig.  4C). 

When  we  expressed  the  genes  of  interest  under  the  control  of  a  CMV  promoter  we  noted  that 
the  transfected  PKG  kinase  activity  and  protein  levels  were  substantially  increased  by  co- 
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transfection  of  p50,  but  not  of  p65.  We  reasoned  that  three  NF-kB  sites  in  this  promoter  sequence 
likely  accounted  for  the  induction.  Therefore,  PKG  and  p50  were  re-cloned  into  pEF6/HisB  and 
pEF6/HisA  respectively.  The  luciferase  reporter  gene  was  sub-cloned  into  the  CMV  promoter- 
containing  vector  pCR3.1  to  generate  a  suitable  reporter  construct  for  measuring  transactivation 
from  the  CMV  promoter.  Transfection  of  either  PKG  or  p50  dose-dependently  induced  CMV 
promoter-dependent  reporter  activity.  The  former  may  have  acted  through  four  CREB  sites  in  the 
CMV  enhancer  sequence.  The  transactivation  from  the  CMV  promoter  reporter  induced  by  co¬ 
transfected  PKG  and  p50  was  additive,  rather  than  synergistic,  which  suggested  that  they  act 
mutually  independently  through  distinct  binding  sites  (Fig.  5). 

In  sum,  the  transactivation  experiments  using  reporter  assays  indicated  that  phosphorylation  by 
PKG  can  enhance  the  transcriptional  activity  of  the  DNA  binding  NF-kB  subunits.  In  contrast, 
PKG  does  not  confer  transactivating  potential  from  non-cognate  NF-kB  sites.  Because  the  proteins 
p49,  p50,  and  p65  direct  transcription  from  distinct  DNA  sequences,  their  phosphorylation  by  PKG 
enhances  their  differential  effects. 

Phosphorylation  of  p50  by  PKG  directly  impacts  its  DNA  binding  affinity— Changes  in 
transactivating  activity  may  reflect  alterations  in  DNA  binding  affinity.  Cyclic  GMP-dependent 
kinase  is  inactive  under  standard  gel  shift  assay  conditions.  Conversely,  gel  shift  assays  cannot  be 
performed  in  the  PKG  reaction  buffer.  We  therefore  adjusted  the  kinase  reaction  buffer  so  that  we 
could  phosphorylate  NF-kB  proteins  and  then  transfer  an  aliquot  to  the  standard  DNA  binding 
buffer  for  analysis  of  phosphorylation-dependent  changes  in  the  affinity  to  DNA.  After  transfer  of 
p49  or  p50  from  kinase  assays  to  gel  shift  reaction  mixtures,  phosphorylation  by  cGMP-dependent 
kinase  did  not  affect  the  binding  of  the  p49  or  p50  homodimers  to  the  H2K  probe,  to  which  these 
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proteins  already  have  high  affinity  without  being  phosphorylated.  Binding  of  p50  to  the  NF-kB 
consensus  sequence  or  to  the  non-consensus  NF-kB-C/EBP  or  NF-kB-CRE  sequences  is  induced 
by  PKG  in  vitro.  After  co-transfection,  the  binding  affinity  by  nuclear  extracts  to  the  same  probes  is 
similarly  induced  and  the  specificity  of  the  main  DNA  binding  band  from  transfectants  of  p50  or 
p50  plus  PKG  was  confirmed  by  supershift  (Fig.  6). 

The  subcellular  localization  of  NF-kB  subunits  is  not  affected  by  phosphorylation  with  PKG— 
NF-kB  is  an  inducible  transcription  factor,  which  is  retained  in  the  cytosol  in  resting  cells.  It  was 
therefore  possible  that  the  phosphorylation  of  DNA  binding  subunits  might  affect  their  nuclear 
import  as  would  be  reflected  in  their  subcellular  distribution.  Transfection  of  increasing  amounts  of 
PKG  did  not  alter  the  relative  fractions  of  co-transfected  p49,  p50,  or  p65  in  cytosols  and  nuclei. 
Although  not  definitive,  these  observations  made  phosphorylation-induced  changes  in  the  transport 
and  half-lives  of  these  NF-kB  subunits  unlikely  (Fig.  7). 

The  phosphorylation  of  p65  occurs  on  non-consensus  sites— P65  is  a  substrate  for  cyclic  AMP- 
dependent  kinase  (24),  an  enzyme,  whose  substrate  specificity  is  similar  to  PKG.  Likely  recognition 
sites  for  both  enzymes  are  in  positions  serine  276  and  threonine  305  on  p65,  and  serine  276  has 
been  demonstrated  to  be  phosphorylated  by  cyclic  AMP-dependent  kinase.  We  mutated  both 
candidate  phosphorylation  sites.  The  transactivating  activity  was  diminished  moderately  by  the 
mutation  T305A  and  substantially  by  S276A,  however,  co-transfection  of  PKG  led  to  dose- 
dependent  increases  in  reporter  activity  in  all  cases.  Consistent  with  this  observation,  synthetic 
peptides  covering  the  threonine  305  (EKRKRTYETF)  or  the  serine  276  (MQLRRPSDRE)  did  not 
incorporate  radioactive  phosphate  during  incubation  with  the  kinase,  whereas  the  standard  substrate 
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peptide  LRRASLG  (“Kemptide”)  did.  We  also  phosphorylated  bacterial  recombinant  p65-His  (36) 
with  PKG  in  vitro  and  were  able  to  compete  the  kinase  reaction  with  the  substrate  peptide 


GRTGRRNSI,  but  not  with  the  peptides  covering  threonine  305  or  serine  276  (Fig.  8).  These  results 
support  the  hypothesis  that  PKG  phosphorylates  p65  in  positions  distinct  from  the  amino  acids  276 
and  305. 
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DISCUSSION 


The  incorporation  of  phosphate  into  p49  or  p50  depends  on  PKG,  is  enhanced  by  cGMP,  can  be 
competed  by  a  PKG  substrate  peptide  but  not  by  a  control  peptide,  and  is  inhibitable  by  a  cGMP 
analog  with  inhibition  being  more  efficient  in  the  absence  of  cGMP  than  in  its  presence.  The  sum  of 
these  observations  indicate  that  NF-kB  p49  and  p50  are  specific  substrates  for  PKG.  Similarly, 
phosphorylation  of  p65  was  shown  to  depend  on  the  kinase,  be  increased  in  the  presence  of  cGMP, 
and  to  be  competed  out  by  substrate  peptide.  Cyclic  GMP-dependent  kinase,  like  cyclic  AMP- 
dependent  kinase,  has  a  preference  for  the  phosphorylation  of  serines  or  threonines  found  close  to  at 
least  two  consecutive  N-terminal  basic  residues.  The  standard  PKG  recognition  site  is 
(R,K)(R,K)X(S,T).  It  is  important  to  note,  however,  that  there  are  a  number  of  exceptions  to  this 
rule.  The  p50  precursor  pi 00  has  PKG  recognition  sites  in  positions  335  and  940  (Genbank 
accession  numbers  M57999  or  NM_003998).  Although  p49  (Genbank  accession  number  A57034) 
does  not  contain  any  PKG  consensus  sites,  there  are  five  similar  sites  with  the  sequence 
X(R,K)X(S,T)  in  p49  (aa  76,  195,  201,  231,  430)  that  may  conceivably  serve  as  candidate 
recognition  motifs.  The  consensus  sites  for  PKG  in  p65  are  at  positions  276  and  305  (Genbank 
accession  number  M62399).  The  phosphorylation  of  amino  acid  276  by  PKA  is  of  major 
importance  for  p65  transcriptional  activity.  Remarkably,  our  experiments  indicate  that  PKG 
phosphorylates  p65  in  positions  other  than  the  two  consensus  sites.  The  phosphorylation  of  p65  by 
PKA  and  PKG  on  distinct  residues  implies  multiple  modes  of  regulation  of  p65  function.  It  also 
indicates  that  the  position,  in  which  phosphorylation  occurs,  is  an  important  determinant  for 
transactivation. 

Recognition  sequences  for  NF-kB  have  been  identified  in  the  promoters  of  a  large  number  of 
genes.  Beside  the  consensus  sequence,  additional  NF-kB  binding  sites  are  known  and  may  differ  in 
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their  affinities  to  various  subunits  of  the  transcription  factor.  The  release  of  cytosolic  p65/p50 
heterodimers  into  the  nucleus  is  by  itself  insufficient  to  differentiate  among  the  numerous  NF-kB 
promoter  sequences.  Our  results  suggest  a  mechanism  of  differential  transactivation  of  various  NF- 
kB  dependent  genes  by  phosphorylation  of  the  DNA-binding  subunits.  Phosphorylation  of  p65  by 
PKG  induces  transcription  from  the  consensus  sequence,  whereas  phosphorylation  of  p50  or  p49 
induces  transcription  from  a  C/EBP-associated  non-consensus  site  but  not  from  the  consensus 
sequence.  PKG  1  has  been  shown  to  be  in  the  cytosol  as  well  as  in  the  nucleus  (15).  It  may 
therefore  exert  its  regulatory  role  before  or  after  translocation  of  p65  and  p50  to  the  nucleus. 

Beside  the  well  studied  induction  of  CREB,  there  has  been  little  evidence  for  the  activation  of 
transcription  factors  by  cGMP-dependent  kinase.  Transfection  of  BHK  cells  with  PKG  causes 
transactivation  of  the  c-fos  promoter,  mediated  most  notably  through  SRE,  FAP,  and  CRE  (37). 
The  connection  of  PKG  and  NF-kB  may  have  broad  implications  since  a  pathway  that  involves 
PLA2,  hydroxyl  radical,  guanylate  cyclase,  and  PKG  has  been  mapped  to  T-cell  signal  transduction 
leading  to  apoptosis  (7)  as  well  as  to  long  term  potentiation  in  the  central  nervous  system  (3). 
Cellular  NF-kB  activation  by  H2O2  has  been  shown  to  involve  protein  phosphorylation  and 
therefore  to  be  mediated  indirectly  via  induction  of  a  kinase  (21).  The  cGMP-dependent  kinase  may 
thus  provide  a  link  for  the  NF-kB  activation  by  reactive  oxygen  species  because  the  activity  of 
guanylate  cyclase  can  be  regulated  by  redox  reactions. 

Conventionally,  co-transfections  are  performed  with  plasmids  containing  highly  active  viral 
promoters,  such  as  CMV.  Among  various  samples  within  the  same  experiment,  the  total  amount  of 
DNA  transfected  is  typically  kept  constant  by  balancing  with  the  CMV  containing  vector.  Our 
studies  have  indicated  that  the  NF-kB  binding  sites  in  the  transfected  CMV  promoters  can  compete 
with  the  NF-kB  sites  in  the  reporter  constructs.  This  leads  to  a  profound  reduction  of  the  reporter 
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signal,  in  our  experiments  up  to  80%.  Furthermore,  NF-kB  proteins  such  as  p50  can  alter  the 
expression  levels  of  co-transfected  genes  by  transactivation  from  one  of  the  NF-kB  sites  in  the 
CMV  promoter.  The  present  investigations  have  revealed  the  potential  for  a  reciprocal  influence 
between  the  co-transfected  kinase  and  p50  under  these  circumstances,  which  interfered  with  the 
quantitation  of  phosphorylation  induced  changes  in  p50-dependent  transactivation.  This  was  further 
complicated  by  four  CREB  sites  that  mediated  PKG-dependent  transactivation.  One  of  these  CREB 
sequences  is  adjacent  to  a  NF-kB  site  in  the  CMV  promoter  and  may  have  contributed  to  the  p50 
induced  transactivation.  This  has  become  plausible  through  the  recent  demonstration  that  activated 
NF-kB  may  interact  with  the  CRE  binding  protein  (25,  26).  Alternatively,  C/EBP  could  bind  to  the 
CRE  site  (38,  39)  and  synergize  with  p50  in  inducing  transactivation.  For  accurate  measurements, 
we  were  forced  to  re-clone  both  PKG  and  NF-kB  genes  into  a  vector  that  is  not  sensitive  to  either 
set  of  transcription  factors.  Although  reporter  assays  are  currently  often  done  with  constructs  that 
contain  CMV  promoter  sequences,  these  sources  of  interference  need  to  be  taken  into  account 
during  the  performance  of  these  types  of  assays. 
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ABREVIATIONS 


PBS  phosphate-buffered  saline 

PKA  cyclic  AMP-dependent  kinase 

PKG  cyclic  GMP-dependent  kinase 

PLA2  phospholipase  A2 

U  unit 
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LEGENDS  TO  TABLES  AND  FIGURES 


FIG.  1.  Correlation  between  PKG  activity  and  NF-kB  induction  in  T-lymphocyte  activation. 

Left  panel,  top)  Nuclear  extracts  from  the  AF3.G7  hybridoma  or  the  03  clone  were 
phosphorylated  in  vitro  by  PKG  plus  cGMP  followed  by  analysis  of  DNA  binding  to  an 
oligonucleotide  containing  the  H2K  sequence  in  gel  shift  assays.  The  nuclear  extract  from  03 
cells  that  had  been  treated  with  plate-bound  anti-CD3e  antibody  served  as  a  positive  control  for 
induction  of  the  faster  migrating  NF-kB  band.  Left  panel,  bottom)  The  induction  by  PKG  plus 
cGMP  of  DNA  binding  by  AF3.G7  cytosol  is  inhibitable  by  addition  of  high  concentrations  of  a 
competing  PKG  substrate  peptide,  GRTGRRNSI  (“PKI  substrate”).  In  addition,  cGMP  and  PKG 
did  not  affect  Octamer-1  binding  in  the  same  experiment  (not  shown).  Right  panel)  Time  course  of 
NF-kB  induction  after  activation  of  03  T-cell  clones.  03  cells  were  stimulated  by  the  conventional 
antigen  ovalbumin  (OVA)  or  retroviral  superantigen  (MTV-7)  for  0,  2,  or  4  hours.  The  T-cells  were 
selected  for  preparation  of  nuclear  extracts,  which  were  then  subjected  to  incubation  with  a  32P- 
labelled  NF-kB  consensus  probe  followed  by  electrophoretic  mobility  shift  assay.  The  relative 
intensity  of  the  slower  and  faster  migrating  bands  after  stimulation  with  MTV  or  OVA  was 
quantitated  by  densitometric  measurement.  The  relative  density  units  for  the  lower  band  are  03  7.0, 
OVA  2  h  9.8,  OVA  4  h  12.8,  MTV  2  h  7.9,  MTV  4  h  9.7.  The  relative  density  units  for  the  upper 
band  are  03  6.9,  OVA  2  h  10.5,  OVA  4  h  13.3,  MTV  2  h  5.5,  MTV  4  h  6.7.  Comparable  levels  of 
T-cell  stimulation  were  confirmed  by  tritiated  thymidine  incorporation. 

FIG.2.  The  NF-kB  proteins  p49,  p50,  and  p65  are  substrates  for  cGMP-dependent  kinase.  A) 

Substrate  phosphorylation  depends  on  the  presence  of  PKG  and  is  enhanced  by  the  addition  of 
cGMP,  whereas  cGMP  in  the  absence  of  the  kinase  does  not  mediate  measurable  incorporation  of 
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phosphate.  Autophosphorylation  of  PKG  is  represented  as  the  upper  band  on  all  gels  and  reflects  a 
specificity  control  for  effects  on  the  enzyme.  B)  Phosphorylation  of  p49  or  p50  by  PKG  (as  well  as 
PKG  autophosphorylation)  is  reversible  by  titration  of  a  competing  substrate  peptide  for  the  kinase 
(GRTGRRNSI),  but  not  a  control  peptide  with  a  mutated  serine  (GRTGRRNAI).  C)  An  analog  of 
cGMP,  Rp-8-pCPT-cGMPS,  which  can  act  as  an  inhibitor  of  PKG,  reverses  the  enzymatic 
phosphorylation  of  p49  or  p50.  Consistent  with  the  competition  for  binding  to  the  kinase  between 
cGMP  and  Rp-8-pCPT-cGMPS,  the  inhibition  is  more  complete  in  the  absence  of  cGMP  than  in  its 
presence.  Autophosphorylation  of  PKG  serves  as  a  positive  control  for  kinase  activity.  D)  293T 
cells  were  transiently  transfected  with  p65  or  FLAG-tagged  p49.  The  cells  were  lysed  in  RIPA 
buffer  and  the  transfected  molecules  were  pulled  down  by  antibodies  to  the  p65  or  Flag.  Kinase 
reaction  buffer  plus  y-32P-ATP  was  directly  added  to  the  pelleted  beads  with  or  without  PKG  and 
cGMP  for  15  min  at  room  temperature.  The  reaction  mixtures  were  analyzed  by  autoradiography 
and  Western  blotting.  E)  293T  cells  were  transfected  with  vector  or  p65,  or  were  co-transfected 
with  NF-kB  p65  plus  PKG.  Alternatively,  p49  was  transfected  with  or  without  PKG.  The  cells 
were  lysed  in  NTEN  buffer.  After  preclearing,  immunoprecipitation  was  performed  with  anti-p65 
antibody  or  anti-Flag-tag  antibody  (for  pull-down  of  p49).  The  immunoprecipitates  and  5  %  of 
the  input  were  resolved  on  SDS-PAGE  and  the  resulting  Western  blot  was  probed  with 
antibodies  to  p65,  to  p52  (recognizes  p49),  and  to  PKG. 

FIG.  3.  Phosporylation  of  p65  by  PKG  increases  its  transactivating  activity  from  consensus 
sites  but  not  from  a  non-consensus  NF-kB  reporter.  A)  293T  cells  were  transiently  transfected 
with  300  ng  pRSV-p65  and  increasing  amounts  of  pEF6/HisB-PKG  as  indicated.  Transactivation 
from  the  co-transfected  pNF-icB-luc  reporter  (500  ng)  was  measured  by  luciferase  activity.  The 
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values  are  normalized  to  luminescence  induced  by  10  ng  co-transfected  Renilla  construct  pRL- 
SV40  (not  shown)  and  the  results  (fold  induction)  are  presented  as  mean  +  standard  deviation  of 
three  samples  (middle  panel).  The  protein  expression  of  the  transfected  molecules  correlated  with 
the  amounts  of  DNA  introduced  into  the  cells,  while  tubulin  (used  as  a  loading  control)  remained 
constant  (bottom  panel).  The  PKG  activity  in  20  fig  of  cell  lysates,  as  judged  by  phosphorylation  of 
LRRASLG  peptide  (“kemptide”)  in  vitro,  reflected  the  amounts  of  PKG  transfected.  The  kinase 
activity  is  indicated  as  mean  +  standard  deviation  (top  panel).  B)  293T  cells  were  transiently  co¬ 
transfected  with  pC/EBP-wt-luc  reporter  (1  fig)  and  pRSV-p65  (0.3  pig)  with  or  without  3  pig 
pEF6/HisB-PKG.  Transfection  of  0.5  pig  pRSV-p50  with  pC/EBP-wt-luc  reporter  (1  fig)  served 
as  a  positive  control.  24  hours  after  transfection,  the  cells  were  harvested  in  reporter  lysis  buffer. 
40  pig  of  lysate  samples  were  used  for  luciferase  assays  by  luminometer  and  the  values  obtained 
for  the  vector  control  group  were  normalized  to  1.  The  results  represent  mean  ±  standard 
deviation  of  triplicate  samples  (top  panel).  20  fig  of  lysates  were  used  for  Western  blotting  to 
confirm  the  expression  levels  of  the  transfected  proteins  (bottom  panel). 

FIG.  4.  Transactivation  by  p50/p49  from  a  non-consensus  sequence  is  enhanced  by  PKG.  A) 

Transactivation  by  transfected  p50  of  a  luciferase  reporter  gene  containing  a  non-consensus  NF-kB 
site  that  overlaps  with  a  C/EBP  site  (sequence  in  top  panel).  293T  cells  were  transiently  co¬ 
transfected  with  1  pig  pC/EBP-wt-luc  reporter  (or  the  control  construct  pC/EBP-mp50-luc,  in 
which  the  p50  binding  site  is  mutated,  represented  as  pC/EBP  (mP50))  with  0.5  fig  pRSV-p50 
and  the  indicated  amounts  of  pEF6/HisB-PKG.  24  hours  after  transfection,  the  cells  were 
harvested  in  reporter  lysis  buffer  and  40  fig  lysate  samples  were  used  for  luciferase  assays.  The 
results,  measured  as  fold  induction,  are  presented  as  mean  +  standard  deviation  of  three  samples 
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and  the  values  obtained  for  the  vector  control  group  have  been  normalized  to  1.  The 
transcriptional  activity  is  induced  dose-dependently  by  co-transfection  of  increasing  doses  of  PKG 
(third  panel  from  top).  20  jig  of  the  lysates  were  analyzed  for  PKG  kinase  activity  (second  panel), 
while  another  20  jig  of  lysates  were  used  for  Western  blotting  to  confirm  the  protein  expression 
levels  (fourth  panel).  PKG  activity  in  cell  lysate  and  Western  blotting  for  the  transfected  molecules 
served  as  transfection  controls.  B)  PKG  enhances  p49  mediated  transactivation  from  the  C/EBP- 
associated  non-consensus  site.  293T  cells  were  transiently  co-transfected  with  1  jig  pC/EBP-wt- 
luc  reporter  and  0.5  jig  pRSV-p49  plus  increasing  amounts  of  pEF6/HisB-PKG  for  analysis  of 
luciferase  reporter  gene  activity.  The  results,  measured  as  fold  induction,  are  presented  as  mean  + 
standard  deviation  of  three  samples  and  the  values  obtained  for  the  vector  control  group  are 
normalized  to  1.  Western  blotting  confirmed  the  expression  levels  of  the  transfected  molecules 
(bottom  panel).  C)  Neither  p49  (top  panel)  nor  p50  (bottom  panel)  transactivate  from  the 
commercial  NF-kB  reporter  gene  containing  four  consensus  sites.  293T  cells  were  transiently  co¬ 
transfected  with  0.5  jig  pNF-KB-luc  plus  0.3  jig  p49  or  0.3  jig  pRSV-p50  plus  increasing 
amounts  of  pEF6/HisB-PKG.  10  ng  of  the  Renilla  construct  pRL-SV40  was  also  co-transfected 
to  normalize  the  data  for  transfection  efficiency.  Transactivation  by  p65  (0.3  jig  pRSV-p65)  in  the 
same  experiment  is  shown  as  a  control.  Expression  of  the  transfected  proteins  was  confirmed  by 
Western  blotting. 

FlG.5.  Reciprocal  influence  between  p50  and  PKG  in  the  transactivation  of  CMV  sequences. 

Top  panel)  The  CMV  promoter  sequence,  which  is  part  of  the  pCR3.1  vector,  contains  three  NF- 
kB  binding  sites  (bold  underlined  sequences)  and  four  CRE  sites  (bold  italic  sequences).  Bottom 
left  panel)  pRSV-p50  was  transiently  co-transfected  with  pCR3.1-PKG.  24  hours  after 
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transfection,  the  cells  were  harvested  in  RIPA  buffer.  PKG  kinase  activity  was  assayed  on  20  jag 
cell  lysates,  while  protein  expression  levels  were  measured  by  Western  blotting  on  another  20  pg 
of  the  same  cell  lysates.  Bottom  right  panel)  The  luciferase  gene  was  cut  from  the  pNF-icB-luc 
reporter  by  Hind  in  and  Xba  I,  and  sub-cloned  into  the  pCR3.1  vector,  which  contains  the  CMV 
promoter  (designated  as  pCR3.1-luc).  293T  cells  were  transiently  transfected  with  5  ng  of 
pCR3.1-luc  plus  increasing  amounts  of  pRSV-p50  or  pEF6/HisB-PKG,  individually  or  together. 
The  resulting  luciferase  activity  was  assayed  and  the  data  are  plotted  as  fold  induction  over 
baseline. 

Fig. 6.  PKG  dependent  phosphorylation  of  p50  induces  its  affinity  to  oligonucleotides  that 
represent  NF-kB  recognition  sequences.  P50  binding  affinity  is  induced  by  PKG  to  the  NF-kB 
consensus  sequence,  to  the  non-consensus  sequence  (kB-C/EBP),  and  to  a  CRE-proximal  sequence 
contained  in  the  CMV  promoter  (kB-CRE),  but  not  to  the  k  enhancer  sequence  or  to  the  H2K 
sequence.  Left  panel)  25  ng  recombinant  p50  per  sample  were  phosphorylated  at  room  temperature 
for  15  min  by  1  U  purified  PKG  with  or  without  200  pM  cGMP  in  total  volume  of  10  pi.  The 
reaction  mixtures  were  transferred  to  DNA  binding  buffer  and  incubated  for  additional  20  min 
with  the  indicated  P-labeled  probes.  The  reactants  were  resolved  on  native  4%  polyacrylamide 
gels  and  exposed  to  autoradiography  film.  Right  panel)  293T  cells  were  transiently  transfected 
with  0.3  pg  pRSV-p50  with  or  without  3  pg  pEF6/HisB-PKG.  24  hours  after  transfection,  the 
cells  were  harvested,  washed  in  PBS,  and  nuclear  extracts  were  prepared.  10  pg  of  nuclear 
protein  was  used  for  electrophoretic  mobility  shift  assay  with  radiolabeled  NF-kB  consensus  or 
OCT1  oligonucleotides  (top),  or  with  radiolabeled  kB-CRE  or  kB-C/EBP  oligonucleotides 
(bottom).  The  identity  of  the  major  DNA-binding  band  was  confirmed  by  supershift  with  50  ng 


28 


anit-p50  antibody,  added  to  the  nuclear  extracts  at  room  temperature  for  10  min  before  DNA 
binding  (bottom). 

FIG.7.  The  subcellular  distribution  of  NF-kB  proteins  is  not  affected  by  PKG.  293T  cells  were 
transiently  co-transfected  with  0.3  jig  pRSV-65  (top  panel),  pRSV-50  (middle  panel)  or  pRSV- 
p49  (lower  panel)  plus  increasing  amounts  of  pEF6/HisB-PKG.  24  hours  after  transfection,  the 
cells  were  harvested  and  washed  once  with  PBS  for  preparation  of  nuclear  extracts  and  cytosols. 
The  fractions,  at  10  jig  protein  per  lane,  were  resolved  on  reducing  denaturing  8%  polyacrylamide 
gels,  transferred  to  PVDF  membranes,  and  probed  with  specific  antibodies  to  the  indicated  proteins. 

FIG.  8.  The  phosphorylation  of  p65  by  PKG  does  not  occur  on  the  consensus  recognition  sites. 

A)  10  |ng  of  the  synthetic  peptides  T305p65,  S276p65,  or  Kemptide  were  incubated  with  or 
without  1  U  PKG  plus  200  pM  cGMP  plus  1  mM  y-32P-ATP  in  total  volume  of  1 00  p.1  for  3  min 
at  room  temperature.  One  half  of  the  reaction  volume  was  spotted  onto  filter  paper  and  the 
reaction  was  stopped  by  washes  in  phosphoric  acid.  The  levels  of  peptide  phosphorylation  were 
determined  by  scintillation  counting  and  the  results  are  presented  as  mean  values  ±  standard 
deviation  of  three  samples.  B)  10  |ig/ml  recombinant  p65  was  phosphorylated  by  1  U  PKG  in 
kinase  reaction  buffer  at  room  temperature  for  15  min,  in  the  presence  or  absence  of  increasing 
concentrations  of  the  synthetic  peptides  GRTGRRNSI  (“PKI  substrate”),  or  EKRKRTYETF 
(T305p65),  or  MQLRRPSDRE  (S276p65).  The  extent  of  p65  phosphorylation  and  PKG 
autophosphorylation  were  determined  by  resolution  on  reducing  denaturing  8%  SDS- 
polyacrylamide  gel  followed  by  autoradiography.  C)  293T  cells  were  transiently  co-transfected 
with  0.5  ]u,g  pNF-KB-luc  and  0.3  pig  pRSV-p65  or  its  mutants  T305A  or  S276A  plus  increasing 
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amount  of  pEF6/HisB-PKG.  Co-transfected  10  ng  of  the  Renilla  construct  pRL-SV40  served  as  a 
control  for  transfection  efficiency.  24  hours  after  transfection,  the  cells  were  harvested  in  reporter 
lysis  buffer  and  10  |lU  of  1:40  diluted  lysates  were  assayed  for  luciferase  activity.  The  data  are 
presented  as  fold  induction  with  the  values  obtained  from  the  vector  (pEF6/HisB)  transfected 
cells  normalized  to  1.  The  inset  shows  the  PKG-dose  dependent  increase  in  transactivation  by 
p65S276A  on  an  adjusted  scale. 
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area  of  infection  and  succumb  to  systemic  bacteremia  (Patarca  et  al.  (1990)  Immunol. 
Rev.  (116: 1-16).  Eta-l/osteopontin  expression  has  also  been  linked  to  granuloma 
formation,  where  it  may  regulate  the  chronic  cellular  response  associated  with 
tuberculosis  infection  and  silicosis  (Nau  et  al.  (1997)  Proc.  Natl.  Acad.  Sci.  USA 
5  94:6414-6419.  Moreover,  in  experimental  glomerulonephritis,  neutralizing  antibodies  to 

osteopontin  greatly  diminish  the  influx  of  macrophages  and  T-cells  and  reduce  kidney 
damage  (Yu  et  al.  (1998)  Proc.  Am.  Assoc.  Physicians  110:50-64).  While  Eta- 
1/ostepontin  has  been  implicated  in  at  least  certain  immunological  reactions,  its  precise 
role  in  the  immune  system  has  not  previously  been  established.  Moreover,  Eta-1  is  a 
10  multifunctional  protein  having  diverse  biological  roles  including ,  but  not  limited  to,  bone 
resorption,  neoplastic  transformation,  atheromatous  plaque  formation,  dystrophic 
calcification  of  inflamed  and/or  damaged  tissues  and  resistance  to  certain  bacterial 
infections.  (See  e.g.,  Oldberg  etal.  (1986)  Proc.  Natl  Acad.  Sci.  USA  83:8819;  Ross  etal. 
(1993)7.  Biol.  Chem.  268:9901;  Giachelli  etal.  (1995)  Ann.  NY  Acad.  Sci.  760:109;  Senger 
15  et  al.  (1983)  Nature  302:714;  and  Srivatsa  at  al.  (1997)  7.  Clin.  Invest.  99:996).  With 
regards  in  particular,  to  understanding  the  role  of  Eta-l/osteopontin  in  immunity,  there 
exists  a  need  to  understand  the  precise  role  that  Eta-l/osteopontin  plays  in  regulating 

immune  responses  in  order  to  develop  new  approaches  to  treating  immune  disorders  and 
diseases. 

20 

Summary  of  the  Invention 

The  present  invention  establishes  that  Eta-l/osteopontin  is  a  critical 
regulator  of  type-1  (cell-mediated)  immunity  and  that  this  molecule  includes  a  domain 
that  promotes  the  production  of  the  type  1  cytokine  IL-12  and  a  domain  that  inhibits  the 
25  production  of  the  type  2  cytokine  IL-10.  Thus,  the  invention  provides  for  the  use  of  Eta- 

l/osteopontin  modulatory  agents  (i.e,  agents  that  stimulate  or  inhibit  Eta-l/osteopontin 
activity)  to  bias  an  immune  response  either  toward  type  1  or  type  2  immunity,  depending 
on  the  clinical  situation.  The  present  invention  identifies  Eta-l/osteopontin  as  a  critical 
cytokine  in  type  1  immune  responses,  in  particular,  in  delayed  type  hypersensitivity 
30  responses.  The  invention  defines  Eta-l/osteopontin  as  a  multifunctional  molecule  which 
acts  as  both  a  stimulator  of  IL-12  secretion  by  macrophages  and  an  inhibitor  of  IL-10 
expression.  As  such,  Eta-l/osteopontin  serves  to  bias  an  organism’s  cytokine  pattern 
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towards  that  of  a  type  1  immune  response.  In  particular,  induction  of  EL- 12  and 
inhibition  of  EL- 10  reflect  differential  engagement  of  macrophage  receptors:  a 
phosphorylation-dependent  interaction  between  the  N-terminal  portion  of  Eta- 
1/osteopontin  and  its  integrin  receptor  on  macrophages  leads  to  EL- 12  expression,  while  a 
5  phosphorylation-independent  interaction  of  a  C-terminal  domain  of  Eta-  1/osteopontin  with 
CD44  mediates  IL-10  inhibition.  Moreover,  cleavage  of  Eta- 1/osteopontin  by  thrombin 
results  in  a  C-terminal  fragment  of  the  cytokine  which  interacts  with  CD44  and  induces 
macrophage  chemotaxis,  while  engagement  of  integrin  receptors  by  a  non-overlapping 
N-terminal  fragment  leads  to  macrophage  spreading  and  activation. 

10  Based,  at  least  in  part,  on  a  detailed  understanding  of  the  role  this  multifunctional 

cytokine  plays  in  type  1  immune  responses,  the  present  invention  features  novel 
approaches  to  modulating  immune  responses,  in  particular,  in  potentiating  type  1 
immune  responses.  The  invention  further  features  new  methods  of  treating  disorders 
that  may  benefit  from  either  a  type  1  or  type  2  immune  response.  More  specifically,  the 
15  identification  of  Eta- 1/osteopontin  as  a  critical  regulator  of  type  1  immunity  allows  for 
selective  manipulation  of  T  cell  subsets  in  a  variety  of  clinical  situations  using  the 
modulatory  methods  of  the  invention.  The  stimulatory  methods  of  the  invention  (i.e., 
methods  that  use  an  Eta- 1/osteopontin  stimulatory  agent)  upregulate  the  production  of 
the  Thl -associated  cytokine  EL- 12  and/or  dowregulate  the  production  of  the  Th2- 
20  associated  cytokine  EL- 10,  with  concomitant  promotion  of  a  type  1  immune  responses 

and  downregulation  of  type  2  immune  responses.  These  stimulatory  methods  that 
promote  a  type  1  response  can  be  used,  for  example,  in  the  treatment  of  infections  (e.g., 
bacterial,  viral),  cancer,  allergy,  bum-associated  sepsis  and  immunodeficiency  disorders. 
In  contrast,  the  inhibitory  methods  of  the  invention  (i.e.,  methods  that  use  an  Eta- 
25  1/osteopontin  inhibitory  agent)  downregulate  the  production  of  the  Thl -associated 
cytokine  IL-12  and/or  upregulate  the  production  of  the  Th2-associated  cytokine  IL-10, 
with  concomitant  downregulation  of  a  type  1  immune  responses  and  promotion  of  type  2 
immune  responses.  These  inhibitory  methods  that  promote  type  2  responses  can  be 
used,  for  example,  in  the  treatment  of  autoimmune  disorders,  transplant  rejection, 

30  granulomatous  disorders,  herpes  simplex  keratitis  and  bacterial  arthritis. 
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Moreover,  based  on  a  detailed  understanding  of  the  functional  domains  of 
Eta-l/osteopontin,  the  present  invention  provides  biosynthetic  molecules  which  mimic 

/ 

distinct  functions  of  Eta-l/osteopontin  for  use  in  a  variety  of  therapeutic  applications,  in 
particular,  in  wound  healing,  enhancement  of  the  immune  response  and  in  treatment  of 
5  granulomatous  disease.  In  particular,  the  biosynthetic  molecules  of  the  present 
invention  are  useful  in  biasing  an  immune  response  towards  a  delayed  type 
hypersensitivity  response,  Le„  towards  type  1  immunity.  A  preferred  IL-12  stimulatory 
domain  of  Eta-l/osteopontin  comprises  amino  acids  71-168  of  SEQ  ID  NO:  2.  A 
preferred  IL-10  inhibitory  domain  of  Eta-l/osteopontin  comprises  amino  acids  169-266 
10  of  SEQ  ID  NO:  2.  Other  features  and  advantages  of  the  invention  will  be  apparent  from 
the  following  detailed  description,  and  from  the  claims. 

Brief  Description  of  the  Drawings 

Figure  1A-C  demonstrates  gramuloma  formation  in  normal,  cytokine- 
15  deficient  and  Eta-l/osteopontin-deficient  mice.  Figure  1A  depicts  the  data  as  the  mean 
number  of  granulomas  per  high-power  field  (HPF)  (X200  magnification),  mean  number 
of  cells  per  granuloma,  and  as  the  product  of  these  two  indices,  termed  “granuloma 
burden”.  (Error  bars  indicate  1  SEM.).  Figure  IB  depicts  an  analysis  of  surface 
antigens  expressed  by  cells  within  granulomas  in  the  indicated  mouse  strains.  Figure 
20  1C  depicts  cytokine  expression  by  cells  from  lymph  nodes  draining  the  site  of 
granulomas.  Data  are  representative  of  three  independent  experiments.. 

Figure  2A-E  demonstrates  HSV-1 -specific  delayed-type  hypersensitivity 
(DHT)  reactions  in  normal  and  Eta-l/opn'7'  mice.  Figure  2 A  depicts  footpad  swelling  in 
Eta-l/opn7'  vs.  Eta-l/opn+/+  mice  inoculated  with  HSV-1.  The  right  (control,  □)  and  left 
25  (HSV-1,  ■)  footpads  of  each  mouse  were  measured  24h  later  using  a  micrometer.  Each 

data  point  represents  the  mean  and  standard  error  of  three  mice/group.  Figure  2B  depicts 
inhibition  of  the  HSV-1  DHT  response  in  Eta-l/opn+/+  mice  by  acute  depletion  of  Eta- 
1/opn.  Figure  2C  depicts  HSK  in  Eta-l/opn'/'  (open  circles)  vs.  Eta-l/opn+/+  (closed 
circles)  mice  inoculated  with  HSV-1.  Figure  2D  depicts  HSK  in  BALB/cByJ  (open 
30  circles),  Eta-l/opn'A  (closed  circles),  Eta-l/opn+/+  (open  squares),  and  CB-17  (closes 
squares)  mice  inoculated  with  HSV-1.  Figure2E  depicts  the  cytokine  response  after 


